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Chapter 1 Introduction 
1.1 Research Background and Objectives 
For recent years, due to ASR (Alkali–silica Reaction), many concrete structures suffered great 
deteriorations (Figure 1.1 for instance). Referred to Figure 1.2, it was reported that numerous 
bridges in Japan have subjected ruptures in bent section of stirrups due to ASR [1.1]. Therefore, 
many efforts have been made to work out the rupture mechanism.  
Based on the report of JSCE [1.2], one of the mainstream estimations is stated as in Figure 1.3. 
Firstly, during the bending process, local strain concentration is produced near the root of ribs, 
which induces the generation of initiating crack (A of Figure 1.3). Secondly, considering very 
little plastic deformation and radial pattern from the initiating crack in the rupture surface [1.3], 
angular opening of corner stirrup was presumed to generate which led to the progress of 
initiating crack (B of Figure 1.3). 
 
Figure 1.1 Deterioration Condition induced by ASR 
Therefore, corresponding to this scenario, experiments have been conducted for further 
validations. For instance, by the research group of Mr. Sasaki [1.4], bending process for the 
current marketing rebar were performed in different bending radius. When in smaller bending 
radius of 1.0 rebar diameter, initiating crack appeared in bent section of stirrup by crush of ribs 
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due to the effect from bar bender. Whereas, the reason for propagation of initiating crack 
together with ASR-induced expansion hasn’t been discussed. 
 
Figure 1.2 Rupture of Stirrups due to ASR 
A. Initial 
Crack
(a) Bending Operation (b) After Expansion
B. Crack Progress due to 
Opening Deformation
 
Figure 1.3 Estimated Mechanism 
Besides, as illustrated in Figure 1.4, group of Miss. Shinno [1.5] has performed the tensile test 
acting on two ends of stirrup after bending process in 1.0 diameter, to simulate the angular 
opening of corner stirrup. Among 6 stirrups, brittle rupture surface similar to actual ASR-
influential structures occurred for 4 stirrups before yielding load. Thus, it is noted that angular 
opening of corner stirrup is significant to reproduce the rupture surface. Nevertheless, it should 
be aware that deformation of corner stirrup herein was not real but imitated by tensile test.  
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Figure 1.4 Tensile Test in Former Research 
Additionally, related to the research group of Mr. Kusano [1.6], [1.7], experiments applying 
expansive mortar or reactive aggregates for expansion have been performed. As one of the 
results, circular-arc deformation was confirmed on concrete surface, which was considered to 
be responsible for generation of angular opening of corner stirrup. 
 
Figure 1.5 Summary of Insufficiencies in Former Researches 
Regarding former researches described above, the primary insufficiencies are summarized in 
Figure 1.5. Deformation and cracking by ASR-induced expansion were evaluated. However, 
the mechanisms for generation have not been understood. Besides, along with the external 
4 
 
deformation behavior, the actual stirrup motion has not been figured out distinctly.  
Therefore, in the current study, expansive mortar is applied in ASR-simulation specimen under 
actual reinforcing condition for learning time history of stirrup motion and features of concrete 
damage. Further, FEM analysis is conducted to learn mechanism of concrete damage and 
influence from stirrup motion on progress of initiating crack. 
1.2 Thesis Contents 
Concerning the stirrup rupture, initiating crack was observed to produce in corner stirrup caused 
by the bending process. Further, to study how the initiating crack propagated to rupture, the 
actual stirrup motion and the generation mechanism of it were tried to understand clearly in this 
study. 
The most significant topics were determined as followings: 
Topic 1: To find out the real stirrup motion with its influence on propagation of initiating crack, 
the study for performance of stirrup was carried out. 
Topic 2: To learn about the casual factors for deformation condition of stirrup, generation 
mechanism of circular-arc deformation was evaluated. 
 
This thesis included total 6 chapters: 
Chapter 1 introduced the entire research background and objective on rupture of stirrup. The 
research topics were also introduced. 
Chapter 2 gave the literature reviews mainly about the mainstream estimation for rupture 
mechanism, initiating crack in stirrup, motion of stirrup and progress of initiating crack, 
respectively. 
In Chapter 3, results for 6 simulation specimens (Case 11 to Case 16) were evaluated. Case 11 
was set as the standard case with identical stirrup ratio 0.22% to the actual pier beam, expansion 
amount as 1444 cm2 and size of frame concrete as 150mm. By increasing stirrup ratio to be 
0.39%, Case 12 was manufactured. Case 13 utilized rebar with ribs in steeper slope based on 
former specification (old type rebar). Case 15 similarly adopted old type rebar while stirrup 
ratio in middle level as 0.31%. Simultaneously, Case 14 applied larger expansion amount as 
2019cm2 than the standard. Case 16 used greater size of frame concrete as 230mm. 
It was noted that greatest cracking density, strain and deformation amount occurred for Case 14 
with stirrup ratio and size of frame concrete in smaller level. Further, brittle rupture surfaces 
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similar to ASR-influential structures mainly generated for rebar with rib in steep slope for Case 
13, 14 & 16. Besides, all specimens show the similar longitudinal cracking and circular-arc 
deformation to ASR-influential structures. 
In Chapter 4, experimental results of Case 14 & 16 in greater expansion amount were discussed 
as representative. For the Topic 1, angular opening of corner stirrup was confirmed as 1.9° to 
be avg. of 16 corners from Case 16. Besides, initiating cracks were confirmed as 2.56% to the 
diameter of stirrup in avg. before expansion. Subsequently, caused by the angular opening of 
corner stirrup, initiating cracks were progressed to 17.7% in avg. of Case 14 & 16. 
Corresponding to the Topic 2, the entire deformation was classified as circular-arc deformation 
and uniform elongation, with the max. as 5.0mm and 3.3mm as avg. of Case 14, respectively. 
In Chapter 5, FEM analysis was carried out based on Case 14 which suffered the most severe 
concrete damage. Regarding the Topic 1, increase of angular opening for corner stirrup was 
also verified with the max. as 2.5°. For the Topic 2, circular-arc deformation of 4.7mm and 
uniform elongation of 2.6mm was validated, respectively. On the basis of analysis, owing to 
the effective confinement of stirrup in corner area, expansion is relatively small (avg. increment 
of element size as 0.12mm, 2.6mm in total for 22 elements). Whereas, owing to the weak 
confinement of stirrup in central area, max. expansion was resulted (avg. increment of element 
size as 0.33mm, totaling 7.3mm for 22 elements). 
In Chapter 6, conclusions drawn based on this study were summarized. 
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Chapter 2 Literature Review 
2.1 Basic Properties of Expansive Agent 
The expansive agent, which is utilized for simulating the ASR-induced inner expansion, plays 
a significant role in the current study. Thus, to learn about the properties of expansive agent is 
very promotive for understanding the experimental results of the subsequent Chap. 3 and Chap. 
4 as well as the decision of material model in the analytical evaluation of Chap. 5. The properties 
of expansive mortar are discussed from three aspects including the basic properties in this 
section, the influence from restraint degrees on expansive strain and stress and further the stress-
strain model described in the follow-up sections. 
2.1.1 Liquid Behavior during Hydration 
 
Figure 2.1 Objective Section for Modelling 
As illustrated in Figure 2.1, using the expansive demolition agent, professor Harada [2.1] 
carried out the measurement for expansive pressure by two different methods. One method is 
called ‘outer pipe method’ (Figure 2.1-(a)), in which the expansive agent is poured. By 
measuring the strain in the circumferential direction of the outer pipe, the expansive pressure 
can be obtained through the thick-walled cylinder theory by following Eq. 2.1. 
Besides, as the measurement of expansive pressure is indirect, another method named as ‘inner 
pipe method’ (Figure 2.1-(b)) is also proposed. As the inner pipe is directly inserted into the 
expansive agent, the direct measurement of expansive pressure is possible. The pressure values 
is based on the thin-walled cylinder theory by Eq. 2.2. 
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Where, the Es is the elastic modulus of steel pipe; vs is the Poisson ratio of steel; k is the ratio 
of outer to inner diameter. 
 
Figure 2.2 Comparison of Expansive Pressure acting on Outer and Inner Pipe 
Therefore, for learning the feature of expansive agent during the hydration procedure, the 
comparison of expansive pressure acting on the outer pipe (po) with the inner pipe (pi) is 
conducted. The inner pipe is inserted into the outer pipe, between which, the expansive 
demolition agent is poured. Thus, as presented in Figure 2.2, it is noticed that the pressure 
impacting on the outer pipe is almost identical to that on the inner pipe during the hydration 
process. Besides, by changing the area of expansive demolition agent, similar result for two 
kind of pressure has been validated. 
As a consequence, it is considered that though the expansive agent is gradually hardening 
during the hydration procedure, the transmission of expansive pressure is in liquid behavior. 
2.1.2 Influence from External Temperature 
To investigate the influence from curing temperature on features of expansive agent, professor 
Okamura [2.2] performed experiments based on the proposed standard testing method [2.3]. 
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Three series were arranged for the experimental tests, in which, the series 1 concentrating on 
the restrained strain of expansive mortar and series 3 of expansive concrete are selected as 
representatives herein. Using different types of expansive agent, experimental tests are 
performed in different pouring temperature as 20°C and 35°C and then in varied curing 
temperature of 5°C, 20°C, 35°C, and 50°C after 1 day of material age. Two different amount of 
expansive agent with one based on that given by the standard method [2.3] and another one in 
2/3 of the given amount.  
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Figure 2.3 Influence from Curing Temperature on Expansion (Lime type in Sires 1) 
 
Figure 2.4 Influence from Curing Temperature on Expansion (Lime type in Sires 3) 
Figure 2.3 illustrates the variation of expansive strain in different curing temperatures. It is 
known that with increasing of curing temperatures, the reaction speed rises in order and the 
time point for convergence of expansion is also advanced. However, it is also noticed that the 
ultimate expansive strain is not greatly changed when temperature keeps lower than 35°C. 
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Besides, this feature can similarly be validated for both types of expansive agent in series 3 for 
strain of expansive concrete as presented in Figure 2.4 and the testing results for expansive 
concrete [2.4]. 
2.2 Influence from Restrained Degrees 
2.2.1 Influence on Expansive Strain 
 
Figure 2.5 Influence from Curing Temperature on Expansion (Lime type in Sires 3) 
According to study of professor Tsuji [2.5], the image for influence of restrained steel on 
expansive strain is illustrated in Figure 2.5. (a) is for the concrete condition; (b) is the situation 
where chemical prestressing is conducted by restraint from steel on the expansive concrete. 
Hereby, the expansive strain is same as εs for both concrete and steel; (c) is the condition in 
which the restraint is removed. Thus, the expansive strain of concrete is increased by εc, from 
which, it is obtained that free expansive strain as εe=εc+εs occurs for concrete after pouring. (d) 
is the condition where no restraint exist and the free expansive strain εf, is generated. Based on 
author, it is described that εc, is slightly smaller than εc,. However, they are treated to be roughly 
identical herein. 
If we assume the tensile force of steel and compressive force of concrete as P, the following Eq. 
2.3 and Eq. 2.4 can be obtained: 
sss AEP                             Eq. 2.3 
ccseccc AEAEP )(                        Eq. 2.4 
Where, Es is the elastic modulus of steel; As is the area of cross-section for steel; Ec is the 
apparent elastic modulus for concrete; and Ac is area of cross-section for concrete. 
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Additionally, by combining Eq. 2.3 and Eq. 2.4, we get the following Eq. 2.5 for the relation 
between restrained and free expansive strain: 
e
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c
s EE
E                             Eq. 2.5 
In which, ρ is the steel ratio (As/Ac). 
With respect to the relationship between restrained and free expansive strain, the results from 
Dr. Nishigori [2.6] is plotted in Figure 2.6. The experimenting test is also carried out based on 
the standard method [2.3]. Steel using diameter as φ22 is applied with the steel ratio as 1.7%. 
Further, expansive agent with 55kg/m3 is added for the concrete. 
 
Figure 2.6 Correlation between Free and Restrained Expansive Strain 
Therefore, as presented in Figure 2.6, it is noticed that the restrained strain is roughly as 0.1 
times of the free expansive strain. As a consequence, it is concluded that the apparent expansive 
strain suffers great influence from external restraint conditions for the expansive agent. 
2.2.2 Influence on Expansive Stress 
For investigating the influence from different external restraint degrees on the expansive stress, 
professor Harada [2.7] also conducted tests of outer pipe method (Figure 2.1-(a)) using steel 
pipe with inner diameter as 33mm and different thickness of pipes. Further, the restraint degree 
(defined in Eq. 2.6) is set as 1.6, 4.2 and 5.5 (105 kgf/cm2). 
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Where, the Es is the elastic modulus of steel pipe; vs is the Poisson ratio of steel; k is the ratio 
of outer to inner diameter. 
 
Figure 2.7 Variation of Expansive Pressure for Steel Pipe in Different Restraint Degrees 
Thus, as presented in Figure 2.7, yielding is occurred for steel pipe with smaller thickness. 
However, the expansive pressures for all cases before the yielding point is almost identical. 
Additionally, by different specimens using concrete or combination of concrete and steel pipe 
for external restraints, the restraint degree is set to change from 2.5 to 8.6 (105 kgf/cm2). The 
corresponding results similarly shows the small influence from external restraint degrees on the 
expansive pressure [2.7]. 
Whereas, from the application of theory for conservation of expansive energy, the evaluation 
for influence on expansive stress is also performed as following equations [2.8]: 
scU 2
1                           Eq. 2.7 
ssc pE                             Eq. 2.8 
UpEsc 2                        Eq. 2.9 
Where, U is the expansive energy which is the work acted on restrained steel by expansive 
concrete; σc is the compressive stress of concrete; εs is the tensile strain in restrained steel; p is 
the steel ratio and Es is the elastic modulus of steel. 
Therefore, based on the Eq. 2.9, it is considered that the expansive stress will be greater with 
increment of steel ratio and elastic modulus. However, due to the temperature dependency of 
expansive energy [2.9] and the opposite results for the conservation of expansive energy [2.4], 
the definite conclusion for increment of expansive stress along with increment of external 
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restraint is difficult to be drawn. 
2.3 Stress-strain Model of Expansive Mortar 
2.3.1 Assumption by the Composite Model 
The stress-strain model of expansive agent can be assumed by two different considerations as 
one is from the relationship of expansive stress and accumulated strain and the other one is by 
the physical factors obtained through compression tests. Herein, the introduction based on the 
first consideration is carried out. 
From the aforementioned Eq. 2.4, the following Eq. 2.10 is attained: 
cacse
c
c EEA
P   )(                      Eq. 2.10 
Where, σc is the compressive stress of concrete; εe is the free expansive strain while εs the tensile 
strain in restrained steel, i.e., the apparent expansive strain for both steel and concrete; εa is the 
accumulated strain which is the difference between εe and εs; P is the compressive force in 
concrete and Ec is the elastic modulus of concrete. 
Thus, by getting the relationship between compressive stress of concrete σc and accumulated 
strain εa, we could further assume the stress-strain model of expansive agent. However, to reach 
this target, we should get the time-varied values for three factors as εe, εs and Ec. 
 
Figure 2.8 Image for Composite Model of Expansive Concrete 
One significant solution for getting these is given by the proposal of composite model 
[2.10]~[2.13]. As illustrated in Figure 2.8, three types of elements were assumed: first one is 
the expansion element, second one is the tension element and the last one is the compression 
element; besides, the restraint from steel was expressed as the external restraint. Based on the 
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compatibility of strain and force equilibrium, the expansive strain of composite model could be 
calculated. 
As one instance of the detailed assumption, the following equations are proposed to evaluate 
the expansive stress and strain [2.12]: 
)1()( )1(10 2  tAe eAAt                      Eq. 2.11 
)1()( )(0 1 tEc eEtE                         Eq. 2.12 
Where, εe(t) is the time dependent variation of the free expansive strain while Ec(t) is the time 
dependent change of elastic modulus of expansive agent; t is the material age (day). Further, A0, 
A1, A2, E0, A1 are factors assumed. 
Combining the Eq. 2.11 and Eq. 2.5, the time depended variation for both restrained strain and 
free expansive strain can be obtained; further, associating with Eq. 2.12 and Eq. 2.10, we can 
get the following equation showing the relation between expansive stress and accumulated 
strain: 
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However, as the bases for time variations of εe(t) and Ec(t) shown by Eq. 2.11 and Eq. 2.12, 
many unknown factors are assumed, for which, the detailed values are difficult to decide. 
Further, the free expansive strain herein is supposed to be not influenced by unit amount of 
expansive agent. Therefore, for setting the stress-strain of expansive agent based on the 
composite model is thought to have lot of difficulties. 
2.3.2 Assumption by the Physical Factors 
Another consideration for deciding the stress-stain model of expansive agent is simply by 
obtaining the physical properties like compressive strength and elastic modulus from 
compression tests. One of the representative experiments is carried out by the professor 
Okamura [2.14]. The experimental tests are performed to figure out the physical features of 
concrete with importing of chemically prestress. The unit amount of expansive agent is applied 
from 45 to 67.5kg/m3, which are around 1.5 to 2.0 times of that used for preventing drying 
shrinkage. 
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Figure 2.9 Stress-strain of Expansive Concrete 
Under 35 days of water curing for axial-restrained expansive concrete, the restraint on specimen 
from steel was removed. Right after that, compression tests on the restraint direction of the 
specimens were conducted. Thus, the stress-strain curves for several specimens in different 
replacement ratio of expansive agent are illustrated in Figure 2.9. It is noticed that except for 
the case using great proportion of expansive agent, the compressive strengths are roughly 
identical to those of ordinary concrete. However, the strain in same compressive stress is 
relatively greater in the expansive concrete than the ordinary one. 
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Figure 2.10 Influence from Unit Amount of Expansive Agent on Physical Factors 
This trend is much more obvious along with the increment of the amount for expansive agent. 
From the above descriptions, it is concluded that even the strength behavior is same, the 
deformation behavior of expansive concrete is much better than that of the ordinary concrete. 
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That is to say, the elastic modulus of expansive concrete might be relatively in smaller level. 
In addition, another experimental tests are conducted by Dr. Wu [2.15] using relatively greater 
amount of lime-type expansive agent. Two kinds of experimental tests as for the specimens in 
free conditions and also in restrained conditions. 100×100×400mm is utilized for the free 
specimen, which is under water curing in 20°C for 13 days. While the restrained specimen is 
based on the standard of JIS A6202. 
Thus, the representative experimental results are illustrated in Figure 2.10. It is noted that with 
almost no relations to the water powder ratio, the free expansive strain possesses roughly 
positive correlation to the unit amount of expansive agent while the compressive strength has 
negative correlation to the unit amount. In general, the physical factors might be quite small 
when the unit amount of expansive agent is in greater level, which can coincide with the 
abovementioned liquid behavior. 
2.4 Summary 
In this chapter, the properties of expansive agent, which is utilized for simulating the ASR-
induced inner expansion in the current study, are discussed. Evaluations are performed to three 
aspects including the basic properties, the influence from restraint degrees on expansive strain 
and stress and further the stress-strain model. As a consequence, following conclusions have 
been drawn: 
(1) From the double-pipe experimental test, it is noticed that the pressure impacting on the outer 
pipe is almost identical to that on the inner pipe during the hydration process. Besides, by 
changing the area of expansive agent, similar result has been validated. Thus, it is 
considered that though the expansive agent is gradually hardening during the hydration 
procedure, the transmission of expansive pressure is in liquid behavior.  
(2) From experimental tests of expansive agent in different curing temperatures, it is known 
that with increasing of curing temperatures, the reaction speed of expansive agent rises in 
order and the time point for convergence of expansion is also advanced. However, it is also 
noticed that the ultimate expansive strain is not greatly changed when temperature keeps 
lower than 35°C. 
(3) Studies for influences from external restraint are performed. It is concluded that the apparent 
expansive strain suffers great effect from external restraint conditions, which can be 
explained from the relation between apparent and free expansive strain. Through the steel 
tube experiments, almost no effect was observed from external restraint on the expansive 
stress. However, based on the theory of conservation for expansive energy, it is derived that 
the expansive stress will be greater with increment of steel ratio and elastic modulus. 
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However, due to the temperature dependency of expansive energy and the instability of the 
conservation of expansive energy, the definite conclusion for increment of expansive stress 
along with increment of external restraint is difficult to be drawn. 
(4) From the proposal of composite model, the relation between expansive stress and 
accumulated strain can be obtained. However, as many unknown factors are assumed, for 
setting the stress-strain of expansive agent based on the composite model is thought to have 
lot of difficulties. Additionally, the stress-strain relationship can be acquired directly by the 
compression tests. In general, the physical factors are estimated to be quite small when the 
unit amount of expansive agent is in greater level, which can coincide with the 
abovementioned liquid behavior. 
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Chapter 3 Experimental Conditions and Comparative 
Study of Results 
3.1 Specimen Conditions 
3.1.1 Modelling objective 
Unit: mm
Objective 
section
Ratio of main rebar
Actual Bridge Pier: 0.95%
Specimen: 3.0%
3,500
2,700
3,490
 
Figure 3.1 Objective Section for Modelling 
Illustrated in Figure 3.1, the object for modelling is a cross beam of PC bridge pier which has 
been served over 20 years. The ASR-induced deteriorations and ruptures of stirrups in bent part 
were confirmed on it. As the most severe effect might be produced, the cross-section of 
3490mm×2700mm near the root of the beam is adopted for modelling. To simulate the uniform 
expansion from ASR, the specimens are made applying the square cross-section of 680mm× 
680mm with near 1/4 scale. In addition, when converting to RC specimen, ratio of main rebar 
is set as 3.0% to ensure the equivalent yield capacity to the actual PC bridge beam. 
3.1.2 Sequence of Experiments 
The experimental tests are mainly concentrating on the physical influence from inner expansion 
of ASR on stirrup motion and concrete damages like displacement and crack. Generally, several 
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years are required for the obvious damage from ASR. As illustrated in Figure 3.2, to simulate 
the ASR expansion in short term, expansive mortar is applied. In addition, to make sure enough 
adhesion for stirrups, frame of ordinary concrete is set. 
 
Figure 3.2 Specimen Conditions for Small-size Tests 
In the serial research [3.1], the production of initiating cracks on stirrups and their propagations 
were concentrated. It was known that greater progress of initial cracks occurred for stirrup with 
steep rib shapes. Further, most propagations were generated for initial cracks located in the 
center of inner bent part. However, since smaller modeling scale as 1/8 of the actual bridge 
beam with stirrup ruptured was based, the size of covering concrete was only 20mm and the 
real reinforcement conditions was difficult to reappear. In addition, stirrup rupture in bent part 
was failed to reproduce. Thus, large-size specimens (Case 11 to 16) utilizing 1/4 of the actual 
bridge beam are made. Being close to the real reinforcement conditions, brittle rupture surfaces 
are generated, which are similar to those occurred in structures suffering ASR [3.2]. 
21 
 
3.1.3 Shape & Reinforcement of Specimens 
To express the general considerations and the basic conditions for the simulation experiments, 
the shape and reinforcement of specimens are roughly introduced in this chapter. 
 
Figure 3.3 Specimen Conditions for Large-size Specimens 
Figure 3.3 illustrates the shapes and reinforcements of specimens. As illustrated in Figure 3-
(a), the external size of Case 11 is 680mm×680mm ×1340mm with the cross section near to be 
1/4 of the actual bridge beam. 
In addition, as presented in Figure 3.3-(a)~(b) and (e), Case 11~13 and Case 15 have the same 
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external dimensions and further the consistent expansion area 380mm×380mm. As described 
above, for learning the influence from different stirrup ratios, the spacing of stirrups applies 
285mm in both Case 11, 13 (Figure 3.3-(a) and (c)) while 142.5mm (Figure 3.3-(b)) and 
190mm (Figure 3.3-(e)) are adopted for Case 12 and 15, respectively. 
In addition, with respect to Case 14 and Case 16 shown in Figure 3.3-(d) and (f), the casting 
area of expansive mortar has greater level as 456mm×456mm. However, to understand the 
influence from different constraints from frame concrete, the sectional dimension is 
680mm×680mm for Case 14 (thickness of frame concrete as 112mm, greater than 95mm which 
is needed to provide enough adhesion to stirrup[3.3]) and 916mm×916mm for Case 16 
(thickness of frame concrete as 230mm). Besides, the spacing of stirrups for Case 14 and Case 
16 is 285mm and 200mm to yield the same stirrup ratio as 0.22%. 
Moreover, the arrangement of stirrups is studied. The form of cross section for Case 11 and 12 
is presented in Figure 3.3-(a) and (b). Considering the limitation of length for old type A rebar, 
combination of old type A and current type rebar is con-ducted by L shape with hooks in two 
ends. Figure 3.3-(c) illustrates the situation for Case 13, three types of rebar are adopted with 
current type, old type B and old type C in 1, 1 and 2 corners, respectively. Figure 3.3-(d) 
illustrates the state for Case 14, current type and old type C rebar is arranged for each 2 corners. 
Regarding with Case 15 presented in Figure 3.3-(e), the allocation is as current type rebar for 
2 corners and old type B, C for each 1 corner. Besides, Figure 3.3-(f) described the situation of 
Case 16 which applies current type rebar for 2 corners and old type B, C rebar separately for 
each 1 corner. In general, due to the compound configurations of stirrups in cross sections for 
Case 13~16, rebar of different types are connected by flame weld. The rebar type utilized are 
introduced in the subsequent section. 
3.1.4 Experimental Parameters 
The basic situations of experimental specimens are noted in Table 3.1. 6 specimens named from 
Case 11 to Case 16 have been manufactured (Case 1 to Case 10 are the small-size specimens as 
1/8 scale of the actual bridge beam, herein, the current 6 specimens with greater simulation 
scale are mainly studied). The shapes of specimens can be referred to Figure 3.3. For sake of 
simulating the effect from inner ASR expansion on external degradations and movement of 
stirrups with concrete restrained, the expansive mortar is cast into the square hollow surrounded 
by the ordinary concrete as frame. Based on former studies[3.4], [3.5], expansion abilities 
caused by ASR in the exterior concrete can be neglected due to the lack of humidity or alkaline 
ion, from which, the reasonability for setting frame concrete can be inferred. 
The parameters set in each specimen are stated. Firstly, Case 11 possesses the identical spacing 
of stirrups to be 285mm and the stirrup ratio as 0.22% to the actual bridge beam with stirrups 
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ruptured. The radius applied for the bending operation in corner of stirrup is 1.0d (d is the 
diameter of rebar as 16mm), which has been confirmed to produce multiple initial damages on 
the bent part of stirrup. In addition, the D16 rebar are adopted with one type using the rib shape 
based on current specification (‘current type’ for short) and two other types using the bamboo 
joint rib shapes (ribs that are aligned in parallel with spacing between each) based on old 
specification (‘old type B’ and ‘old type C’ for short, old type rebar are extracted from structures 
that are suffering ASR and built 30 years ago). 
Table 3.1 Experimental Parameters 
 
Considering that different rebar shapes might have effects on generations of initial damages, 
Case 13 is carried out for discussing the influence from different rebar types. The current type 
rebar and another old type rebar composed of the corrugated rib shape (ribs that are linked 
together in wave shape) based on old specification (‘old type A’ for short) are applied. Size 
conditions of Case 13 keep the same to Case 11. 
Besides, compared to Case 11, Case 12 and Case 15 are conducted to discuss the effects from 
different stirrup ratios on the external degradations. The spacing of stirrups varies to be 
147.5mm with stirrup ratio as 0.39% and 190mm with stirrup ratio to be 0.31% for Case 12 and 
15, respectively. 
Afterwards, for reproducing the severer degradation condition, greater casting area of expansive 
mortar has been adopted in Case 14. Further, to check the influence from different restraints 
from frame concrete, the expansion amount of Case 16 is configureured to be identical with 
Case 14; while the thickness of frame concrete is 230mm in Case 16 greater than 112mm of 
Case 14. 
As a whole, the summary of parameters applied in the 6 specimens are displayed in Figure 3.4. 
Case 11 0.22%
Case 12 0.39%
Case 13 Current;B&C
Case 14 2079cm
2
(Greater)
16.5%
(Smaller)
Current;
C
Case 15 1444cm
2
(Regular)
22.1%
(Regular) 0.31%
Case 16 2079cm
2
(Greater)
25.1%
(Greater) 0.22%
1444cm2
(Regular)
22.1%
(Regular)
Current;
A
0.22%
Current;
B&C
No. Expansion Amount(E. A)
Frame Proportion
(F. P.)
Stirrup Ratio
(S. R.)
Stirrup Ratio
(S. R.)
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It is observed that Case 11~13 and Case 15 are utilized to study the effects from restraint of 
stirrup ratio; greater casting area of expansive mortar are conducted for Case 14 and Case 16 to 
learn the influence from different expansion capacity. Additionally, by changing the dimension 
of ordinary concrete in Case 14 and Case 16, the restrain from frame concrete is investigated. 
 
 
Figure. 3.4 Influence from Parameters 
 
3.1.5 Material Conditions 
With respect to the material properties, the mix proportion used for the frame concrete and 
expansive mortar is presented in Table 3.2 and Table 3.3, respectively.  
Frame concrete adopts the strength as 27N/mm2 being the compressive design strength for the 
actual bridge beam. From cylinder tests, the real strength is obtained as around 35N/mm2. 
Besides, for simulating inner expansion from ASR in short time, the lime type expansion agent 
is used. The volume utilized is set as 200kg/m3 for producing abundant expansion to simulate 
the rupture of stirrups [3.6]. 
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Table 3.2 Mix Proportion of Frame Concrete 
 
 
Table 3.3 Mix Proportion of Expansive Mortar 
 
 
Figure 3.5 illustrates the shapes for different types of rebar. It has been confirmed that the 
progress of crack in stirrup begin from the initial crack in the root of ribs produced by the 
bending process. The variation diameter (a in Figure 3.5) and the rib height (b in Figure 3.5) 
are considered to be related with generations of initial cracks.  
As shown in Figure 3.5, the current type with variation diameter as 7.1mm and rib height as 
0.80mm is the rebar with most gentle shape rib; while the old type C with the two factors as 
0.9mm and 1.22mm is the rebar with most steep rib. Further, the factor a and b are 3.1mm and 
0.91mm for type A while 1.1mm and 1.12mm for type B. It has been verified that greater initial 
cracks will generate for the rebar with smaller factor a and greater b like old type C rebar with 
the initial crack length as 4.00% of rebar diameter as illustrated in Figure 3.5 (length of initial 
crack/diameter in Figure 3.5 is the maximum value of 6 samples). 
Besides, in actual structures, duet to the bending parts of stirrups were affected by the strain 
aging of several years, which can make stirrups toughness low and the damage progressing. For 
this reason, in order to consider the aging degradation, based on Eq. 1 proposal by B.B.Hundy 
[3.7], stirrups were gave for 120°C and for 10 hours using the electric furnace heat treatment, 
so the strain aging which corresponded to the 6 year progress minute after the completion of 
existing structure was given. 
                      (Eq. 1) Tr
T
TTrt
tr log114400log 

 
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tr：Time caused constant strain ageing at ambient temperature (Tr)（hr） 
t：Arising time (hr)as aging at elevated temperature (T)  
Tr：Absolute temperature (K) at room temperature (natural environment) 
T：In the high temperature (promoting temperature) absolute temperature (K) 
 
 
Figure 3.5 Shape of Rebar 
3.2 Measurements & Flow of Experiments 
3.2.1 Measurement Items 
The general measurement items are discussed in this section. 
(1) Cracking in Concrete Surface: 
To learn the damage behavior of frame concrete induced by the inner expansion, the external 
cracking condition is studied. The measurement objectives are two profiles with the 
arrangement of old type stirrups; the crack with width greater than 0.05mm are sketched for 
their shape and width; further, the measurement is continued from appearance of cracking to 
the end of expansion. 
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Table 3.4 Measurement Items of Experiment 
 
(2) Deformation Conditions 
For deformation, the measurement using contact gauge in the upside of specimen were 
conducted for Case 11 and 12; while the measurement using depth gauge for cross-section with 
stirrup were adopted for Case 13~16. To study the movement of cross-section with stirrup 
arranged, which is important for deformation behavior of stirrup, the results from the second 
method are mainly evaluated in this study. 
(3) Strain of Stirrup 
For the strain of stirrup, the measuring locations were set in the inner side, outer side, 
neighboring point of the bent section and the straight part of stirrups. All stirrups for Case 11 & 
Case 12, No. 2, No. 4 & No. 6 stirrup from the upper side of specimen for Case 15 and No. 2, 
and No. 4, No. 5 and No. 7 stirrup for Case 16, were measured. 
(4) Magnetic Flux Density Method (Judgement of Stirrup Ruptures) 
The magnetic flux density method was applied to Case 15 & Case 16 for judging the rupture 
moment of stirrup. Further, the old type B & C rebar (refer to subsection 3.1.5 for definitions) 
were selected as the measuring objectives. 
(5) Cracks in Stirrups 
The observations for cracks in stirrup were carried out for bent sections of all old type rebar 
from Case 11 to Case 16. Additionally, the measurements for cracks in current type rebar were 
also conducted for Case 13, Case 14 and Case 16. 
(6) Damage Conditions in Inner Concrete 
The investigations for inner damage conditions of concrete were performed for No. 1 cross-
Upside Profile
Case 11 ○ ○ ○ ○
Case 12 ○ ○ ○ ○
Case 13 ○ ○ ○ ○
Case 14 ○ ○ ○ ○
Case 15 ○ ○ ○ ○ ○ ○
Case 16 ○ ○ ○ ○ ○ ○ ○
○: Corresponding item is measured
No. Magnetic
Flux Density
Stirrup
Motion
Experimental Results
Interior
DamageCracking
Deformation Crack in
Stirrup
Strain of
Stirrup
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section of Case 14 and all corner parts of Case 16. For Case 16, to keep the integrity of cross-
section, the cover concrete part was extracted by cutter. 
(7) Stirrup Motion 
The stirrup motions were observed for Case 15 & Case 16. The old type rebar B & C were 
selected as the measuring objectives. 
3.2.2 Measurement Methods 
(1) Cracking of Concrete 
  
Figure 3.6 Measuring Flow & Outcome for Surface Cracking 
 
Figure 3.6 illustrates the measuring flow and results that can be obtained with respect to surface 
cracking of concrete. The visible cracking was traced by black magic ink. Thus, the cracking 
width which intersect with the measuring lines are recorded by cracking scale. Consequently, 
the traced cracking were recorded by camera. 
From the results, the general cracking form, cracking width, cracking strain and cracking 
density could be obtained for further study of damage features caused by inner expansion. 
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Figure 3.7 Measuring Scope of Cracking 
 
Figure 3.7 illustrates the measuring scope of surface cracking. Measuring lines with interval as 
100mm have been drawn in the transverse direction to the main rebar before expansion. 
Cracking were measured and sketched by 1.0hr when the development is acute; while by longer 
time interval when in smaller pace. The measuring objectives are cracking with width greater 
than 0.05mm. Further, for studying characteristics of cracking in different regions, evaluating 
areas are divided with corner area as area of frame concrete and center area as the other region, 
referring to Figure 3.7. 
For Case 11~14, measuring objects are 2 profiles with the old type stirrups arranged and the 
upper sides of the specimens. For Case 15 and 16, all 4 profiles and the upside are measured. 
As illustrated in Figure 3.7, by calculating the overall cracking width in intersections of each 
measuring line, the apparent strain in measuring line was calculated by the following Eq. 2: 
                      (Eq. 2) 
Where, the length for measuring line is 680mm and 916mm for Case 11~15 and Case 16 (refer 
to Figure 3.3). 
Further, cracking developed along the longitude direction are evaluated as apparent density, 
defined by the following Eq. 3: 
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                      (Eq. 3) 
(2) Deformation of Concrete 
Cross section 
with stirrup
①
(c) After expansion(a) Positions for measurement
Fixed Frame
②
A
A
A
(b) Before expansion
Initial Length
Length after 
Expansion
Deformation = 
① -②
Depth Gauge
a1a2
a b1
b2b
a1 b1100mm
97mm 92mm
 
Figure 3.8 Measurement Method for Deformation 
 
For learning the deformations in cross sections of stirrups, Figure 3.8 illustrates the measuring 
method. Cross sections located in the same positions with 5 stirrups were measuring objects. 
As shown in Figure 3.8-(a), fixed frame was set around each cross section. To obtain the length 
from fixed frame to the concrete surface, measuring scale is set at the position 40mm away 
from endpoint of the corner and then followed by each 100mm (refer to Figure 3.8-(b) & (c)). 
From calculating the difference value of lengths before and after expansion, deformation can 
be obtained (eg., by the length difference, vertical deformation from point a1 to a2 and from b1 
to b2 was 3.0mm and 8.0mm, respectively).  
Furthermore, as it will be described in detail at the subsequent chapter, it was considered that 
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deformation was composed of uniform elongation and circular-arc deformation. The 
deformation a (vertical displacement from a1 to a2, Figure 3.8-(c)) in corner point is defined as 
uniform elongation; while the difference between the maximum deformation b (vertical 
displacement from b1 to b2, Figure 3.8-(c)) and the deformation a was defined as circular-arc 
deformation (5.0mm was obtained as the difference of 8.0 and 3.0mm). 
Additionally, the actual measurement conditions can be referred from Figure 3.9, which shows 
the image of fixed angle and depth gauge. 
 
Figure 3.9 Scenery for Deformation Measurement 
(3) Cracks in Stirrup 
To learn about the damage in stirrups, cracks in stirrup were measured. The measuring positions 
are presented in Figure 3.10. Basically, corner of old type stirrups in each cross-section was 
measured. Additionally, all corners of stirrup in Case 16 were investigated as one current type 
rebar was ruptured due to expansion (described in detail subsequently). To measure the initial 
crack length, 6 samples are selected from rebar which are used for stirrups in specimen. After 
the bending operation, each sample is cut along with the longitudinal direction of rebar and the 
initial cracks are observed under a microscope. After the expansion, stirrups are taken out from 
the specimens. The same measuring method with initial cracks are used for cracks after 
expansion. 
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Type A (Osaka)
Type B (Kobe)
Type C (Toyama)
Current Type C (Toyama)
(a) Case11 (b) Case12 (c) Case13
(d) Case14 (e) Case15 (f) Case16  
Figure 3.10 Measuring Positions for Cracks in Stirrups 
 
Figure 3.11 Measuring Methods of Cracks in Stirrup 
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Further, Figure 3.11 & Figure 3.12 show the detailed measuring method and image for 
observed objective and cracks of stirrup. 
 
 
Figure 3.12 Images for Observation of Cracks in Stirrup 
 
 
(4) Stirrup Motion 
The measurement locations for 
stirrup motion are illustrated in 
Figure 3.13. Based on former 
research [3.8], stirrups based on 
former specification, which had steep 
slope in rib, has greater possibility to 
have rupture. Thus, the measurement 
of stirrup motion was concentrated on 
old type rebar. 
The old type B and C stirrup were 
measured for each cross-section of 
Case 16. 
 
 
 
 
 
Figure 3.13 Measuring Locations for Stirrup 
Motion
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Further, the measuring method of stirrup motions is presented in Figure 3.14. Before expansion, 
three points were marked on the corner stirrup and the spacing value of each side from the 
triangle abc was measured. Thus, after the end of expansion, the concrete around the corner 
stirrup was peeled off. Thus, the spacing value for the same triangle a’b’c’ was recorded again. 
Herein, the corner stirrup was not extracted totally out of the concrete for keeping no influence 
from the machine. Therefore, the variation of angle for corner stirrup was obtained. 
 
Figure 3.14 Measurement Method for Stirrup Motion 
 
 
Figure 3.15 Measurement of Stirrup Motion during Experiment 
Additionally, to confirm whether the precision of angle for corner stirrup before expansion 
would be affected by the combination of fastening the main rebar with stirrup. The angle value 
before and after the fastening of main rebar was also recorded. As a result, it was validated that 
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no great change appeared. Thus, the angle measured after fastening of main rebar was utilized 
as the value before expansion. 
3.2.3 Flow of Experiment 
 
Figure 3.16 Measurement of Stirrup Motion during Experiment 
Based on the measuring methods described in previous sections, the general experimental flow 
is summarized in Figure 3.16. 
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(1)Bending Process of Rebar 
The old type D16 rebar used for stirrup were dealt with bending process in bending radius of 
1.0 times rebar diameter. The strain aging was reproduced by heat treatment and the old type 
rebar and current type rebar were jointed by flame weld. 
(2) Formwork Making ⋅ Reinforcement Fabrication ⋅ Initial Shape Measurement of Stirrup 
The foundation for formwork was manufactured firstly. Thus, the fabrication of stirrup and 
main rebar was conducted, after which, the initial shape of stirrup was recorded. Subsequently, 
the formwork for the hollow part of the specimen was made. At last, the formwork for the 
exterior surface of the specimen was made. 
(3) Frame Concrete Placing 
The specimen with hollow in center was manufactured by placing ordinary concrete as the 
frame. Thus, 3 weeks of curing were performed. 
(4) Formwork Removal / Measurement Preparation 
After the removal of formwork, the measuring lines were marked on the profile. Thus, the 
gauges were checked and the fixed angle were set for measuring specimen deformation. 
(5) Expansive Mortar Placing / Initial Shape Measurement of Specimen 
The expansive mortar using Expan-K was poured into the hollow part of specimen. The initial 
shape of specimen was measured right after the placing of expansive mortar. 
(6) Measurement for Cracking ⋅ Deformation & Stirrup Strain (1~2 Days) 
The measurements for cracking, deformation and stirrup strain were carried out during the time 
interval from beginning of expansion to the convergence. 
(7) Stirrup Extraction / Measurement for Ultimate Shape of Stirrup 
The corner part of stirrup was extracted after the end of expansion. Thus, the measurement of 
ultimate stirrup shape was performed. 
(8) Stirrup Cutting Off / Observations of Cracks in Stirrup 
After the cutting off of stirrup from the specimen, resin treatment was performed. Thus, the 
corner part of stirrup was cut into half for further observations of crack progress. 
 
Additionally, Figure 3.17 presents the formwork fabrication conditions of specimens. Figure 
3.18 shows the placing of expansive mortar for simulating the ASR-induced expansion. 
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Figure 3.17 Formwork Fabrication 
 
Figure 3.18 Placing of Frame Concrete & Expansive Mortar 
3.3 Parameter Influences on 6 Specimens 
3.3.1 Cracking Conditions 
(1) Comparison of Cracking Densities 
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Figure 3.19 Comparson of Crack Density 
 
To study the influence from parameters on external cracks, the time variations of crack densities 
for the total 6 cases are evaluated. Herein, being the boundary width for performing 
reinforcement in structure [3.9], cracks with width greater than 0.2mm are counted for 
computation. As illustrated in Figure 3.19, the maximum expansion time is different due to the 
different ambient temperature. Herein, the average indoor temperatures during the period in 
which each case was conducted are utilized for evaluation (the difference between max. & min. 
temperature is con-firmed to be smaller than 6˚C). The detailed data can be referred to Table 
3.5. 
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Table 3.5 Ambient Temperatures & Expansion Times 
Case 11 Nov. 2008/11/12 14˚C 30hr
Case 14 Nov. 2009/11/21 10˚C 24hr
Case 15 Dec. 2010/12/9 13˚C 22hr
Case 12 Mar. 2009/3/17 16˚C 30hr
Case 13 Sep. 2009/9/18 22˚C 10hr
Case 16 Aug. 2012/8/22 28˚C 8hr
Expansion Time
A
B
TemperatureGroup Case No. Month Date
 
Table 3.6 Parameters & Group Classifications 
 
In general, the Case 11, Case 12, Case 14 and 15 cast in winter or spring have smaller ambient 
temperature with the average from 10˚C to 16˚C. Therefore, relatively greater total expansion 
time are yielded. However, Case 13 and Case 16 conducted in summer have comparatively 
greater ambient temperature from 22˚C to 28˚C, which causes the trend to generate smaller 
expansion time. With slight difference of ambient temperature, the Case 11, Case 12, Case 14 
and Case 15 are named as group A (solid lines in Figure 3.19) while Case 13 and 16 are called 
group B (dotted lines). In addition, similar expansion ability is expected for cases classified in 
same group. 
Afterwards, to avoid the effect from different expansion time, dimensionless time defining the 
end moment of expansion as 1.0 is adopted. As presented in Figure 3.20, all 6 cases are noted 
to have acute increase at first and thus the tendency to converge.  
Further, concentrating on the ultimate crack densities, the evaluation of influences from 
parameters are performed in each group. For group A as the solid lines in Figure 3.20, compared 
with Case 11, Case 15 and Case 12 with greater stirrup ratio (refer to Table 3.6) has smaller 
Case
No.
Expansion
Amount
(E. A.)
Frame
Proportion
(F. P.)
Stirrup Ratio
(S. P.)
Crack
Density
Ratio to Case 11
(Crack Density) Group
11 5.95m/m2 1.00 A
13 6.04m/m2 1.02 B
15 0.31% 4.62m/m2 0.78 A
12 0.39% 4.21m/m2 0.71 A
14 16.50% 7.89m/m2 1.33 A
16 25.10% 3.39m/m2 0.57 B
1444cm2
2079cm2
22.10%
0.22%
0.22%
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values in order. Besides, Case 14 with equal stirrup ratio while greater expansion amount and 
less restraint from frame has larger value than Case 11. Likewise, as to group B (dotted lines in 
Figure 3.20), contrasting to Case 13, though possessing same stirrup ratio, the strong resistance 
from greater frame proportion causes the crack density of Case 16 to be the minimum.  
 
Figure 3.20 Comparison of Crack Density (Dimensionless Time) 
Moreover, Case 13 in group B has identical stirrup ratio and specimen condition to Case 11 in 
group A and it is observed that close ultimate crack density occurs for them. Similarly, 
compared to Case 14 in group A, Case 16 in group B with greater frame proportion has smaller 
ultimate numeric. Thus, relatively slight difference of expansion ability is estimated even 
between different groups. In former research [3.10], slight variation of free expansion ability is 
also validated when ambient temperature is below 30˚C. Therefore, from descriptions above, 
the effects from restrictions of stirrup and frame concrete are both verified. Besides, with the 
amount of expansive mortar in larger level, Case 14 with smaller frame proportion holds the 
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maximum value while Case 16 with greater proportion takes up the minimum. Besides, refer to 
research [3.6], the cracking density of a pier beam with ruptures are 2.9m/m2. The current 6 
specimens are learned to have sufficient damage level to induce stirrup rupture. 
(2) Cracking Forms 
 
Figure 3.21 General Cracking Form for 6 Specimens 
Consequently, to evaluate the general crack form obviously, the ultimate cracking form of 6 
specimens are illustrated in Figure 3.21. It is noted that as the order from Case 11, Case 15 to 
Case 12, the stirrup ratio is increasing while the cracking has the trend to become in smaller 
length more dispersive and narrow in cracking width. Similarly, from Case 14, Case 11 to Case 
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16, due to the increasing of size for frame concrete, the cracking changes to be more dispersive 
and in narrow cracking width. From the above descriptions, the cracking form influenced by 
external restrictions can be inferred. 
However, as presented in Figure 3.21, it is noted that cracks developed in longitudinal direction 
due to the smaller restraint of lateral stirrups. Additionally, alike to the actual bridge beam [3.1], 
cracks are also confirmed to occur in both center and corner of profile along with main rebar.  
Further, cracks are observed to be generally connected between the upper and the lateral sides. 
As a summary, the absolute values are different due to different specimen conditions. However, 
it is observed that the overall crack form and the time variation trend of crack densities for 
different cases are similar as a whole. 
3.3.2 Deformation Conditions 
(1) Comparison of Increasing Area for Deformation 
 
Figure 3.22 Comparison of increasing area of cross section 
Therefore, along with the measurement of deformation, it is learned that the area of the cross 
section is increased due to the inner expansion. As the illustration in Figure 3.22-(a), the 
increasing area is defined as the difference between the area after expansion and the initial area 
(initial area as 464200mm2 for Case 13~15 and 839056mm2 for Case 16, refer to Figure 3.3).  
Thus, to study the influence from parameters, Figure 3.23-(b) gives the results of the increasing 
area for different cases. It is noted that Case 15 with greater stirrup ratio has smaller increasing 
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area with 1.8% raised than 2.0% of Case 13. In addition, Case 14, using greater expansion 
amount and smaller frame proportions, the increasing area is the maximum as 3.7% changed. 
On the contrary, Case 16 with the same expansion amount while greater frame proportion 
possesses the minimum with 1.5% raised. Additionally, as explained previously, deformations 
of Case 11 and 12 using different measuring method are not discussed herein. 
(2) Deformation Form 
 
Figure 3.23 General Deformation Form for 6 Specimens 
Subsequently, the general external deformations are evaluated. The ultimate deformation 
conditions for Case 13~16 using depth gauges for measurement are used as representative in 
Figure 3.23.  
The value illustrated in the figure is the max. deformation in each profile. Concentrating on the 
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deformation form, it is noticed that from the corner point, deformation increases gradually 
toward to the center area. All cross sections are confirmed to have the circular deformation. 
Further, in the two ends of specimen, the deformations have greater values than those of the 
other cross-sections. This is due to the lesser restraints from stirrups in two ends inducing the 
mortar to expand more easily. 
3.3.2 Stirrup Damages 
(1) Progressing of Cracks in Stirrups 
Rebar
Bending Operation
Measuring of 
Initial Cracks
Arrange in Specimen
Extract after Expansion
Measuring of Progressing 
Cracks
Comparison of Initial & 
Progressing Cracks
A B
 
Figure 3.24 Measurement for Cracks in Rebar 
Afterwards, for learning the development of stirrup damages induced by the inner expansion, 
the progressing conditions of cracks in bent part of stirrups are investigated. Herein, all the four 
types of rebar adopted in specimens are evaluated. Illustrated in Figure 3.24, after the bending 
operations of rebar, part of them are applied for measuring the initial cracks (A) while the other 
part are used for the arrangement in specimens (B). To observe the initial crack, 6 test samples 
of stirrups with 3 ribs contained for bent region of each are utilized. Besides, with respect to the 
progressing cracks after expansion, bent region of stirrups are extracted from the specimens 
after the end of expansion. For both the investigations of cracks in initial and after expansion, 
the measurements of crack lengths are conducted under a microscope by cutting stirrups in 
longitudinal section. 
Further, the details about four types of rebar are referred to Figure 3.5. It has been confirmed 
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that the progress of crack in stirrup is began from the initial crack in the root of ribs generated 
by the bending operation. The variation diameter and the rib height are considered to be 
correlated to the growing of initial cracks. Inferred from the former Figure 3.5, the current type 
is the rebar with rib in most gradual shape; while the old type C is the rebar having rib with 
most steep shape. Besides, the rib shapes of old type A and B are in medium change gradients 
Besides, the summary for generation of initial cracks of different rebar types is illustrated in 
Figure 3.25. It is noted that the avg. of max. initial cracks is 2.27% and 2.56% for old type B 
and C, which are around 2 times greater than 0.81% and 1.43% of current and old type A. 
As a result, it is obtained that along with the increase of rib height and decrease of variation 
rate, the amount of initial cracks has the tendency to be rising while the crack depths become 
more scatter and greater possibility for generation of initial crack appears. 
(a) Initial Cracks of Stirrup (Current and Old Type A)
Old Type C
2.0
1.0
Old Type B
4.0
3.0
(b) Initial Cracks of Stirrup (Old Type B & C)
3.95%* 4.00%*
Avg. of All Cracks: 1.53％ Avg. of Max. Cracks: 2.27％ Avg. of All Cracks:1.74％ Avg. of Max. Cracks: 2.56％
Old Type A
3.0
1.0
Current Type
Sample 1 Sample 2
1.44%* 2.07%
*
Avg. of All Cracks: 0.70％ Avg. of Max. Cracks: 0.81％ Avg. of All Cracks: 1.13％ Avg. of Max. Cracks: 1.43％
2.0
4.0 Initial Crack
Crack with Max. Ratio
*: Max. Initial Crack in Each Sample
Sample 3 Sample 4 Sample 5 Sample 6 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Initial Crack
Crack with Max. Ratio
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
  
Figure 3.25 Initial Crack Ratio in Stirrup 
 
Subsequently, Figure 3.26 illustrates the comparison of crack ratios before and after expansion. 
Focusing on the initial state, it is noted that greater initial crack ratios as 2.27% and 2.56% 
generate for Type B and C (refer to avg. of max. cracks in Figure 3.25), which have steep rib 
shapes. However, smaller initial crack ratios as 0.81% and 1.43% occur for Current type and 
Type A with the rib in gradual shapes.  
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Figure 3.26 Influence from Parameters on Crack Ratios 
Additionally, regarding to the progressing cracks, the average crack ratio in each case is 
presented separately by each rebar type. For type C rebar, it is observed that reflecting to the 
influence from stirrup ratio, Case 15 with smaller restraint from stirrup has greater progressing 
crack ratio (Avg. 8.29%) than that of Case 13 (Avg. 20.45%). Likewise, Case 14 with greater 
expansion amount and smaller restraint from frame concrete has the maximum progressing 
crack ratio (Avg. 30.25%).  
On the contrary, with respect to the other rebar types, the effects from parameters seem to not 
respond with the results. For instance, Case 13 with smaller restraint from stirrups oppositely 
has smaller average crack ratio than Case 15 in type B rebar. This is similar for the relation 
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between Case 11 and Case 12 in type A rebar. 
However, it is noticed that expect for the four ruptured stirrups (R1 to R4 of Figure 3.26), Type 
B and Type C have greater progressions with the maximum ratio as 30.82% and 37.22%, 
respectively. Reversely, current type and Type A have smaller propagations with the maximum 
ratio as 1.23% and 7.43%, respectively. It is also noted that 3 of the 4 ruptures (R2 to R4) occur 
in the Type C rebar.  
Thus, combined to the influence from parameters, the progressing ratio of cracks in stirrup has 
great relation to the rebar types. It is learned that steep rib of rebar causes greater initial crack 
ratio, which further promotes the development of cracks. Moreover, as the reason for 1 rupture 
occurring in Current type rebar (R1), the scatter of initial crack ratio in the 1.0 times diameter 
bending operation is confirmed and inferred to induce the occurrence of larger initial crack. 
Further, about Case 16 with the lightest external degradations, rupture of stirrup is verified. 
Therefore, it is estimated that the stirrup also has possibility to rupture when there is great initial 
crack in stirrup and a certain level of external deterioration. 
(2) Rupture Conditions 
 
 
Figure 3.27 Rupture Locations 
 
The rupture conditions are discussed herein. Three cases as Case 13, Case 14 and Case 16 have 
been confirmed to have ruptures in bent section of stirrup. Figure 3.27 presented the rupture 
locations. It is known that one rupture in section 2 for Case 13, two ruptures for section 2 and 
5 for Case 14 and one rupture in section 3 for Case 16 are produced. The rupture locations are 
in random pattern without specific rule. 
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Further, Figure 3.28 gives the detailed rupture surface of each case. It is noted that the brittle 
area from the initial crack region basically generates for all cases. 
 
 
Figure 3.28 Rupture Surfaces 
Additionally, the comparison of rupture surface of current specimen to the actual ASR-
influential structure is illustrated in Figure 3.29. The rupture surface of the current specimen is 
in plat form with granular pattern which infers the brittle rupture generates. Besides, in the outer 
periphery, minor shear lip is observed at the end point of rupture. The radial patterns from the 
position of initial crack to the outer periphery are noted in general, which infers the progressing 
of cracks from inner to outer side of the bent section. 
Furthermore, the alike rupture surface is also confirmed in the actual ASR-influential structure 
[3.11] as illustrated in the Figure 3.29-(b). Thus, the current specimen using expansive mortar 
to simulate the ASR-induced expansion has reproduced the actual rupture surface of stirrup 
caused by ASR. 
Figure 3.29-(c) presents the detailed rupture location in the bent section of stirrup for the 
current specimen. It is learned that the rupture is occurred from the crushed rib caused by the 
bending process. Hence, the initial crack produced by bending process is considered as the 
predominate reason for stirrup rupture based on the current specimen. 
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Figure 3.29 Comparison of Rupture Surface 
3.4 Summary for Effects from Ruptures on External Deteriorations 
3.4.1 Influence on External Damages 
In order to discuss actual structures features when stirrups rupture due to ASR, Case 16 has 
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been selected as representative herein. The rupture time point could be figured out and the 
different phenomena could be compared on concrete surface before the stirrup rupture and after 
the stirrup rupture. So based on the phenomena, we can judge if the stirrup has been rupture on 
actual structures. 
The specimen condition of Case 16 can be referred to the previous Figure 3.3. Specimen is 
with dimension as 916mm×916mm× 1600mm and inner with 456mm×456mm expansive 
mortar. The ratio of stirrups is 0.22%. The rupture stirrup location is on the third stirrup on total 
of 8 stirrups from upside to downside. In this experiment, the rupture time point could be found 
out by using the magnetic flux density, which is shown on Figure 3.30.  
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Figure 3.30 Results of Magnetic Flux Density 
Stirrups are tinged with magnetic. When magnet is closed, magnetic flux is generated. The 
magnetic flux is performed by magnetic flux density. If the stirrup is complete, the magnetic 
flux density is not scrambled and vice versa. So before and after 0.1m in the bent part (as 0.0m), 
if the difference value between the maximum and the minimum is turning to great, it may 
illustrate the moment is time point of the stirrup rupture.  
According to this method, it is determined that the different value is rising at the time point of 
2.8 hours, which illustrates the stirrup is broken at this moment in this simulating experiment. 
It is very early time of 2.8 hours among this whole experiment. 
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Figure 3.31 shows the ultimate rupture condition and the cross section of the rupture stirrup. 
The long cracks were spreading over concrete surface. The wide and long cracks were gone 
through the corner on the rupture area (Figure 3.31-(a)). The cross section deformation 
occurred. The increasing area on rupture section is larger than that on non-rupture section 
(Figure 3.31-(b)).  
 
 
Figure 3.31 Ultimate Statues 
Figure 3.32 reveals the evolution of the strain on measuring line. The definition of strain is 
referred to former Eq. 2. The strain could reflect the expansive energy. It is noticed that strain 
is as small as 54μ (A) of Figure 3.32, which reflects the slender cracks came out both on rupture 
section and non-rupture section before rupture time. Then as soon as rupture of stirrups, the 
width of cracks was rising sharply on the rupture section. The strain was increased by 1678μ. 
The ultimate strain was 4123μ. While the strain on non-rupture section as small as 1455μ. The 
reason is that expansive energy had been released on the rupture section after the stirrup rupture. 
As a conclusion, before the stirrup rupture, cracks on each section were slender, which is similar. 
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But after stirrup rupture, the cracks on rupture section were turning to wide. Since the rupture 
of the stirrup happened at early time, the widths of cracks continue to become wider. 
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Figure 3.32 Evolution of Strain on Measuring Line 
 
Figure 3.33 shows the evolution of damage at corners. There seemed to be no great difference 
occurred especially in rupture areas shown on Figure 3.33-(a) & (b) before rupture. Cracks at 
corner were slender and long. However, along with the rupture, it would be notice that the wide 
cracks were concentrated at the corner which was the location within the rupture stirrup. 
Meanwhile, along with the concrete expanded outward, the concrete dislocation had taken place, 
which leaded to deformation of cross section, especially at corners. Before the stirrup rupture 
(Figure 3.33-(a)), the dislocation was relatively small as about 2mm, while on the ultimate 
statue (Figure 3.33-(b)) the dislocation was as large as 7mm on the rupture section. But the on 
non-rupture section, the dislocation was small. Compared with the status before rupture of the 
stirrup, the dislocation on non-rupture section changed not so large (2mm to 4mm). 
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Figure 3.33 Evolution of Damage at Corners 
It is demonstrated that as the stirrup was rupture at early time (2.8h), it is easy to continue 
producing stress concentration at the corner within rupture stirrup, which could make the 
ultimate cracks wide and with large dislocation.  
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Figure 3.34 reveals the evolution of the dislocation on each measuring point. Angle is used to 
measuring the dislocation, which is initial value minus the value at last. As the stirrup rupture 
location could be determined, the distance of concrete expanded outward ΔH (dislocation of on 
concrete surface) could be measured. The measuring points are shown on A of Figure 3.31. 
The feature could be confirmed that before stirrup rupture, there was no obvious increase in ΔH, 
while as soon as the stirrup was rupture, ΔH was rising sharply and it was increasing by 57% 
of total. Then ΔH increased slowly and was turning stably. This phenomenon illustrates that 
distance of concrete expanded outward occurred suddenly when the stirrup was rupture with 
enormous energy. 
 
Figure 3.34 Evolution of Dislocation on Concrete Surface 
As a conclusion, as soon as the rupture, the strain increased rapidly, which gained 41% of total 
strain on the rupture section. While the dislocation gained 57% of total dislocation on the 
rupture section. It illustrates that the dislocation influences more. 
3.4.1 Influence on Internal Damages 
In this section, the external damage condition of the specimen will be introduced firstly. Thus, 
for discussing the mechanism of fracture, the authors will give observations to the inner 
condition of the specimen. 
The external damage condition of concrete surface is summarized in Figure 3.35. The profile 
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1 which contains the fracture place and the profile 2 which doesn’t are used for observations. 
The cracks with their width smaller than 0.2mm and greater than 0.2mm are divided. It is known 
that cracks occurred overall in both these two profiles. In the left corner of the profile 2, which 
includes the fracture place A, there is a trend that the cracks with great width of about 3mm 
developed intensively. Further, taking the cracks with widths greater than 0.2mm into account, 
the density of crack is 3.51 m/m2 and 3.27 m/m2 for profile 2 and profile 1 with relatively small 
difference. 
 
 
Figure 3.35 Ultimate Crack Condition 
 
In addition, the authors will discuss another factor (strain in the measuring line) to evaluate the 
external damage condition. Refer to the former Figure 3.7, measuring lines with the interval as 
100mm have been drawn in the transverse direction to the main rebar. The cracks are measured 
and sketched by each 0.5h when the expansion pace is great and by each 1~2h when the 
expansion pace is small. The measuring objects are the 4 sides and the upside of the specimen. 
By calculating the overall crack width in the intersections of measuring lines and cracks, the 
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strain in measuring line is obtained. 
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Figure 3.36 Comparison of Strain in Measuring Line 
To check whether there is more notable damage in the section with stirrup fractured, the strain 
in 4 sides of the section containing No. 3 stirrup and the general average strain of the sections 
containing other stirrups are illustrated in the Figure 3.36. The time point 0 is the point when 
crack began developing on the surface. It can be known that both the strains of section with 
fracture and general average are in small level before the point A (1.8h). From point A to point 
B (3.25h), due to the acceleration of ASR, the strains of them increase in relatively great paces. 
In general, no great difference is found before the point B between the section with fracture and 
the average. After point B, the increasing pace becomes smaller and small difference between 
the two strains occurs before point C (4.75h). After point C, both strains become no longer to 
increase. For the general conditions, variations of the two kinds of strains are in similar trends 
and the difference between them is relatively in small level with 13% (373μ) in the ultimate 
state. 
As described above, no great difference can be found between the external damages of section 
with fracture and the general average. That is to say the expansion energy in the section with 
fracture is similar with the average. Thus, to check the reason resulting in the fracture, the 
interior damage conditions around the corner of stirrups are concentrated for discussion. 
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Figure 3.37 Fracture Part & Non-fracture Part 
 
Figure 3.37 illustrates the actual conditions of section with and without fracture. From Figure 
3.37-(a), it is known that the corner of the stirrup is fractured with great cracks of the concrete 
developed through the fracture surface; while the bond between stirrup and the concrete is 
maintained well. However, as shown in Figure 3.37-(b), it is confirmed that no fracture of 
stirrup occurred while the cut of bond generates with the width about 1mm. 
For investigating the reason of this difference occurred in the section with and without fracture, 
the derivation of the mechanism is illustrated in Figure 3.38 by concentrating on the A and B 
areas in Figure 3.37.  
From A1, it is considered that the initial crack in the corner of the stirrup caused the fracture 
with the development of expansion. Thus, with the further expansion, concentrated deformation 
will occur on the fracture surface. This leads to the great slide of 3mm (A2 of Figure 3.38) 
occurred between the fracture surface. The crack of the concrete with width of 6mm developed 
through the fracture surface. Further, also due to the concentrated deformation, the stress 
between stirrup and concrete is small, which leads to no cut of bond between them. 
On the other hand, the section without fracture is presented in the B of Figure 3.38. From B1, 
the stirrup is not fractured which caused the dispersive deformation of the stirrup with the 
development of expansion. This further induces the relative motion and the great stress between 
concrete and stirrup on the bond surface. As a result, cut of bond occurred with the length as 
73mm which is even greater than the length of bending work (50mm). 
58 
 
 
 
Figure 3.38 Image of Mechanism 
As a conclusion, fracture which is caused by the initial crack induced the concentrated 
deformation on the fracture surface. This further leads to great cracks occurred through the 
fracture surface and the maintaining of bond. 
Figure 3.39 presents the summary for bond condition of stirrups in the representative Case 16. 
It is noted that cut of bond occurred for most of the healthy stirrup. Whereas, the bond condition 
between stirrup and concrete for rupture section maintains well. Therefore, it is considered that 
the bond condition can generally reflect the rupture conditions. 
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Figure 3.39 Bond Condition of Stirrups (Case 16) 
 
3.5 Summary 
In this chapter, the considerations for modelling of specimens and the basic experimental 
conditions are explained. Subsequently, the detailed evaluations for the influences from 
parameters like stirrup ratio, expansion amount, size of frame concrete or rebar types on the 
external deteriorations are performed for overall 6 specimens. Further, the effects from stirrup 
rupture on the external and internal damage conditions are also investigated. As a consequence, 
following conclusions have been drawn: 
(1) It was noted that the greatest cracking density as 7.89m/m2, increasing ratio of deformation 
area (ratio of increasing deformation area to initial sectional area) as 3.7% occurred for Case 
14 with stirrup ratio and size of frame concrete in smaller level. Whereas, the smallest 
cracking density as 3.39m/m2, increasing ratio of deformation area as 1.5% generated for 
Case 16 which possessed largest size of frame concrete. Further, it is confirmed that all 
cases have greater cracking density than that in the ASR-influential structure with stirrup 
ruptured. 
(2) From the comparisons of cracking and deformation conditions for 6 specimens, it is learned 
that thought the absolute values are different due to different specimen conditions, the 
overall longitudinal cracking in the profile and the general circular-arc deformation form in 
60 
 
the cross-section similar to the actual ASR-influential structures are reproduced for the total 
6 specimens. Therefore, using the expansive mortar as the inner expansion, the ASR-
induced damages in external concrete and stirrups have be reappeared. 
(3) It is obtained that along with the increase of rib height and decrease of variation rate, ratio 
of initial cracks have increment from 0.81% to 2.56%. Rather than the influence from 
parameters, the progressing ratio of cracks in stirrup due to expansion has greater relation 
to the rebar types. Further, brittle rupture surfaces similar to ASR-influential structures 
mainly generated for rebar with rib in steep slope for Case 13, 14 & 16. 
(4) Compared to the condition before the stirrup rupture, cracks on concrete surface have the 
tendency to generate more in amount and wider in width, and go through the corner part in 
the condition after stirrup rupture. Simultaneously, dislocation has generated acutely due to 
rupture of stirrup. Further, it is confirmed that after the stirrup rupture, the increasing rate 
of depth for dislocation was larger than that of strain on the measuring line. It is speculated 
that the more obvious feature when having stirrup rupture is the occurrence of dislocation. 
(5) From the comparison of strain in the measuring line of section with fracture and the general 
average of other sections, relatively small difference with only 13% occur in the ultimate 
state. The initial crack in the stirrup is considered to cause the fracture and thus due to the 
concentrated deformation in the fracture surface, the section with rupture has greater 
possibility to not have cut of the bond between the stirrup and concrete than the section 
without rupture. 
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Chapter 4 Mechanism Evaluations on External 
Deteriorations & Stirrup Ruptures 
4.1 Mechanism for Generation of Cracking 
4.1.1 Representative Specimens for Evaluation 
Regarding the Topic 2 (to learn about the casual factors for deformation condition of stirrup, 
generation mechanism of cracking & deformation was evaluated), the effects from expansion 
is studied through evaluation for classified cracking herein.  
In this chapter, considering the successful reproduction of actual stirrup ruptures, 2 cases as 
Case 14 and Case 16 with larger casting area of expansive mortar and different size of frame 
concrete are used. Further, the Case 14 and Case 16 are also confirmed to be the specimens with 
the maximum and minimum external deteriorations (refer to Figure 3.20 & Figure 3.22). 
The review of the representative cases is described herein. As to Case 14 (Figure 4.1-(a) & (c)), 
the external size is 680mm×680mm×1340mm with cross section as 1/4 to the actual pier beam 
with stirrups ruptured. Further, the dimension of expansive mortar is set as 456mm × 456mm 
for inner expansion. Herein, the thickness of frame concrete is 112mm greater than 95mm, 
which is needed to provide enough adhesion to stirrup [4.1]. The spacing of stirrups is 285mm 
with stirrup ratio of 0.22% same to the pier beam. 
Specimen conditions for Case 16 are illustrated in Figure 4.1-(b) & (d). For studying the 
influence from different restraints of frame concrete, the dimension of cross section for 
expansive mortar is same with Case 14 as 456mm×456mm; while the size of frame concrete is 
230mm greater than 112mm of Case 14. Further, the spacing of stirrups is 200mm to make the 
identical stirrup ratio as 0.22%. As in Figure 4.1-(c) & (d), stirrups adopt the D16 rebar with 
one type using the rib shape based on current specification (‘current type’ for short) and 2 types 
using bamboo joint (ribs align in parallel with spacing) based on old specification (‘old type’ B 
and C for short). 
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Figure 4.1 Specimen Conditions for Representative Cases 
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4.1.2 Time Evolution of Cracking 
 
 
Figure 4.2 Time Evolution of Cracking in Profile 
 
Figure 4.2 illustrates the time evolutions of cracking in the profiles. The measuring objectives 
of cracking are the profiles with old type rebar arranged and the upper section. The Figure 4.2-
(a) to (d) presents the cracking condition separately after 6.0hr of expansion (cracking occurs 
at both center and corner), after 7.0hr of expansion (cracking run throughout the corner part), 
after 13.0hr of expansion (cracking converges in center area) and after 30.0hr (cracking 
converge in corner part). Further, the cracking A, B, C represent cracking in the center area. 
While cracking A’, B’ and C’ show those in the corner part. 
Firstly, it is noted that cracking generates in corner for A’ and in center for A based on the 
Figure 4.2-(a). Both the produced cracking in corner and center have width near 0.2mm. 
Secondly, the cracking B’ in corner part appear with the width from 0.2mm to 2.0mm as 
illustrated in the Figure 4.2-(b). Besides, the cracking B located in the center area propagates 
throughout the profile with the cracking width around 0.35mm. Thirdly, as presented in the 
Figure 4.2-(c), the cracking C which has penetrating the profile, has slight increase of width to 
be 0.6mm. Whereas, the both the cracking length and width in profile and corner of upper 
section have great progressing. At last, as illustrated in the Figure 4.2-(d), the cracking width 
and length in corner part also converges and cracking with the width greater than 7.0mm has 
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been confirmed. 
 
 
Figure 4.3 Time Evolution of Cracking in Upper Section 
 
Subsequently, focusing on the propagating directions of cracking in center and corner parts of 
the upper section, the detailed observations for cracking is performed. Figure 4.3 shows the 
propagation conditions of cracking in the upper section. The arrows in the figure presents the 
propagating direction, while the numeric values show the cracking length. From the Figure 4.3-
(a), it is noticed that the cracking A in the center area develops from the exterior of profile into 
the interior. On the contrary, the cracking A’ in the corner area progress from the interior to the 
exterior of profile. From the Figure 4.3-(b), it is observed that cracking generates in all 4 
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corners of the upper section. Further, it is also noted that one cracking B’ which is in the position 
apart from the corner area also produced from the interior of frame concrete. 
After that, presented in the Figure 4.3-(c), all cracking generated in the corner part run 
throughout to the surface of the frame and one new cracking C is confirmed to produce in the 
center area. At last, referred to the Figure 4.3-(d), though the cracking length in center area has 
slight increment, the cracking are considered to be generally converged with no new cracking 
occurred. 
 
Figure 4.4 Comparison of Cracking Density & Strain 
To study the influence from inner expansion on the damage level of concrete, cracking density 
and strain are evaluated. Herein, as boundary width to perform reinforcement in structure, 
cracking greater than 0.2mm are counted for computation of cracking density; cracking strain 
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is defined as the ratio of the sum for cracking width in measuring line to the length of measuring 
line as 680mm for Case 14 and 916mm for Case 16 (refer to Figure 4.1). Thus, the time 
development of cracking strain & density is presented in Figure 4.4. Due to the different casting 
seasons of 2 cases (Case 14 in winter and Case 16 in summer), the max. expansion time is 
24.0hr for Case 14 greater than 7.75hr of Case 16 (0hr as the time point when expansive mortar 
has just been cast). However, it is noted that 2 cases have similar variation trend as acute 
increment at first and the tendency to converge. 
Further, for cracking density, the max. is 7.89m/m2 for Case 14 as 2.3 times of 3.39m/m2 for 
Case 16. Whereas, for cracking strain, the max. 8572μ for Case 14 is 3.1 times of 2789μ for 
Case 16. It is noticed that by increasing the size of frame concrete without expansion, cracking 
strain suffers more influence, which infers that multiple cracking with small width might occur 
for Case 16. Besides, refer to research [4.2], the cracking density and strain of a pier beam with 
ruptures are 2.9m/m2 and 2464μ. The current 2 cases are learned to have sufficient damage level 
to induce stirrup rupture.  
 
Figure 4.5 General Cracking Form 
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Thus, to check the general cracking form, Figure 4.5 presents the final surface cracking for 
Case 14 & 16. It is noticed that longitudinal cracking generates in both corner and center areas. 
Regarding the actual ASR-influential pier beam, cracking was also confirmed to occur in both 
center and corner of profile along with the main rebar [4.1]. In comparison with Case 14, 
cracking of Case 16 have similar form. While due to the greater restraint from frame concrete, 
integral cracking widths of Case 16 are in smaller level which is corresponding to that de-
scribed in Figure 4.4. 
As a result, corresponding to the Topic 2, it is known that the absolute cracking indicators are 
different due to specimen conditions. However, the general cracking form and the time variation 
trend of cracking densities and strains are similar with the actual structures as a whole. 
 
Figure 4.6 Time Variation of Cracking in Surfaces (Case 14) 
For learning generation features of cracking and study physical impacts from expansion, the 
time variation of cracking is evaluated. Figure 4.6 shows the record for Case 14 (south profile 
as instance, refer to Figure 4.1). Cracking widths are divided with boundary 0.2mm. After 8.0hr 
of expansion, first cracking occurs in the longitudinal direction of center area. After 10hr, new 
cracking appears for both corner and center. At last, when after 24.0hr, new cracking slightly 
produces with width increasing to be 3.0mm for center and 8.0mm in corner.  
For contrast, Figure 4.7 illustrates evolution of Case 16 (south profile). Similarly, cracking in 
greater width occur in center firstly after 2.80hr. Thus, new cracking appears in both areas after 
3.25hr. At the final state, almost no new cracking generates with the max. width rising to be 
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1.30mm and 0.70mm for center and corner, respectively. Likewise to former research [4.2], 2 
cases also have variation features as cracking arise in center and then in corner, while further 
only grow for width from existing cracking subsequently. 
 
 
Figure 4.7 Time Variation of Cracking in Surfaces (Case 16) 
 
In general, cracking developed in longitudinal direction due to smaller restraint of lateral 
stirrups. By increasing the size of frame concrete, cracking in profile of Case 16 have similar 
form and time variation trend to Case 14. Whereas, general cracking widths of Case 16 are in 
smaller level. Refer to Figure 4.5, it is noticed that cracking roughly connects between profile 
and upper section. To evaluate cracking types for studying generation mechanism, cracking in 
upper section are utilized subsequently. 
 
4.1.3 Classification & comparison of cracking types 
To investigate the features and generating mechanism of cracks, the classification for cracking 
types are attempted in this section. For illustrating the definitions, Figure 4.8 shows the 
representative time variation of cracking in upper section. Arrows stand for the developing 
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directions; while values refer to the crack lengths. From Figure 4.8-(a), it is clarified that 
cracking A in center generates from exterior; however, crack A' in corner develops from interior. 
As in Figure 4.8-(b), cracking B' near the corner area generates from interior. Afterwards, from 
Figure 4.8-(c), it is learned that cracking in corner spread out to the external profile. Eventually, 
no new cracking generates with the development of cracking converged, illustrated in Figure 
4.8-(d).  
From the characteristics of evolutions, cracking is generally divided into three types as Type a 
for cracking propagating from exterior to interior in the center area; type b for cracking 
progressing from interior to exterior in the center area; whereas, Type c refers to cracking with 
the progressing directions from interior and in diagonal direction of corner part. 
 
Figure 4.8 Classification of Cracking Types 
 
Consequently, cracking types for Case 14 and Case 16 are illustrated in Figure 4.9-(a) & (b), 
respectively. It is clarified that Type a takes as the main occupation in center while Type c are 
the main type in corner. Further, the numerical static for cracking numbers of each type is 
displayed in Figure 4.9-(c). For Case 14, the total cracking number is 18 with 12 for Type a, 2 
for Type b and 4 for Type c. As to Case 16, the amount for each type are described in following: 
sum as 17 with 12 for Type a, 1 for Type b and 4 for Type c. Though with slight variations for 
cracking numbers, it is known that by increasing size of frame concrete in Case 16, no great 
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change is found for cracking types. 
 
Figure 4.9 Classification of Cracking Types 
To give a brief evaluation for the influences from parameters on the occurring of cracking types, 
the cracking in upper section and the classifications are illustrated in the Figure 4.10 & Figure 
4.11. It is noted that the cracking width in corner part is relatively greater from 1.0 to 10.0mm. 
While the cracking width in center is in smaller level from 0.1 to 1.4mm. Greater value of 
cracking width is confirmed to generate for corner part of each case. 
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Figure 4.10 Cracking in Upper Sections of the Other Cases 
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Figure 4.11 Classification of Cracking Types for the Other Cases 
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Additionally, for the classifications of cracking types shown in the Figure 4.11, it is noticed 
that the maximum cracking numbers occurred for the Case 14 with the greatest expansion 
amount. However, no obvious difference is found for the cracking number (from 12 to 17) for 
overall cases. Besides, with respect to the detailed cracking type, Case 14 with the greatest 
expansion amount also possess the maximum amount for type a cracking. Whereas, the Case 
16 with identical expansion amount and greater size of frame concrete, further, the Case 15 with 
greater stirrup ratio both have the same number for cracking type a. Besides, the maximum 
amount of type b cracking appears for Case 11 as the standard case. However, the Case 13 with 
alike specimen condition to Case 11 inversely has no type b cracking. 
In general, it is concluded that Type a takes as the main occupation in center while Type c are 
the main type in corner. The generation of cracking types is noticed to be not influential by 
parameters of different specimens. 
4.1.4 Evaluation for Generation Mechanism 
Figure 4.12 presents the image for cracking in upper section together with the possible 
generating mechanism. As in Figure 4.12-(a), from inner expansion, positive bending moment 
will act on the center area of frame, which induces cracking generates from exterior (Type a). 
Simultaneously, due to the rigid constraint from corner concrete, negative bending moment will 
also impact on regions closing to corner areas, which causes cracking propagates from interior 
(Type b). Besides, the image for cracking in corner part is presented in Figure 4.12-(b). 
Affected by the uniform inner expansion, uniform tension (T) is also generated which will 
induce cracking to spread throughout in the diagonal direction (Type c). 
Additionally, to study the reinforcing method for preventing cracking caused by drying 
shrinkage, experimental tests using L-shape corner part of RC structure are performed by 
professor Nakano [4.3]. 7 specimens without reinforcement or with different reinforcing 
methods have been made. The monotonic loading in each side of the corner part is applied to 
make sure the tensile stress generate in corner part and be symmetric about the diagonal 
direction. Therefore, as illustrated in Figure 4.12-(c), which is the case without reinforcement 
for instance, it is clarified that cracking grow in around 45 degrees for all specimens. This 
cracking form is similar to that presented in Figure 4.12-(b). Further, based on the authors, it 
is considered that these cracking are induced by the action of tensile stress same as that 
illustrated in Figure 4.12-(b) due to the uniform inner expansion. 
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Figure 4.12 Generation Mechanism of Cracking 
Besides, the experimental setup for the cracking form shown in Figure 4.12-(c) can be referred 
to the Figure 4.13. The forced excitation method is applied for loading. Further, two universal 
pins are fixed with one actuator (capacity as 100tf for compression and 50tf for tension) utilized. 
The loading is imposed by ensuring the stress in corner part is in tensile pattern and to be line 
symmetry on the line in 45 degrees. Additionally, the monotonic loading is produced by the 
loading device. 
Therefore, as feature of cracking, it is obtained that through increasing size of frame concrete, 
cracking strain & density have decreased over one half. However, amount for each cracking 
type keeps invariant between Case 14 & 16, which infer that the cracking form is not influenced 
by parameters. Further, as the generation mechanism related to Topic 2, it is considered that 
bending effect due to greater restraint in corner induce cracking in center from exterior. Whereas, 
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tensile effect from uniform inner expansion cause cracking in corner to run in diagonal direction. 
 
 
Figure 4.13 Experimental Setup 
 
 
4.2 Mechanism for Generation of Deformation 
4.2.1 Representative Specimens for Evaluation 
Likewise regarding the Topic 2 (to learn about the casual factors for deformation condition of 
stirrup, generation mechanism of cracking & de-formation was evaluated), features of circular-
arc deformation as well as its possible influence on stirrup motion is evaluated. 
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Figure 4.14 Comparison of increasing area of cross section 
 
To learn the general deformation level, the increasing area of cross section is evaluated firstly. 
As illustrated in Figure 4.14-(a), increasing area is defined as the difference between the area 
after expansion and the initial area (initial area as 464200mm2 and 839056mm2 for Case 14 and 
Case 16, refer to Figure 4.1). From results shown in Figure 4.14-(b), it is noted that Case 14 
has greater increasing area as 17109mm2 with the increasing ratio 3.7% compared to 12640mm2 
and 1.5% of the Case 16. Induced by greater restraint of frame concrete, the increasing ratio of 
sectional area for Case 16 also has decrement for more than half of Case 14. 
Subsequently, to study the general deformation forms, final states of Case 14 and 16 are 
presented in Figure 4.15. The value illustrated is the average deformation in each profile. As to 
Case 14 (Figure 4.15-(a)), it is observed that from the corner part, deformation increases 
gradually toward to the center area. All cross sections are confirmed to have the circular-arc 
deformation, which is considered to be very influential on the movement of stirrup. Further, in 
two ends of specimen (cross-section 1 & 5), the average deformation has greater values as 
7.66mm and 9.48mm than the other cross-sections. This is due to the lesser restraints from 
stirrups in two ends inducing the mortar to expand more easily. 
On the other hand, for Case 16 (Figure 4.15-(b)), as the maximum deformation is occurred in 
the center of profile, the general circular-arc deformation is also confirmed. Similar to that de-
scribed above, deformations in two ends of specimen have greater level. However, from the 
greater constraints, deformation values are in smaller degree with the average in each profile 
from 1.3mm to 6.5mm (values of Case 14 are from 5.00mm to 9.48mm). 
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Figure 4.15 General deformation forms 
Accordingly, about the Topic 2, it is indicated that same to the growth of cracking, though the 
deformation increment is different caused by the effect from external restrictions, similar 
circular-arc deformation form to the actual structure is confirmed. 
4.2.2 Time-depended variation & classification 
To learn the time depended features of deformation, situations of Case 14 are presented in 
Figure 4.16. Herein, due to the slight variation of deformation form and values between cross-
section 2, 3 and 4 (refer to Figure 4.15-(a)), the average deformation in each corresponding 
point is applied. After 8.0hr of expansion (Figure 4.16-(a)), values in profile like A signifies 
the maximum deformation of each profile; while values in corners like B mean the deformations 
in x and y direction of corner points. Thus, the uniform elongation is obtained as 0.50mm 
(average of 8 values in corners). The average circular-arc deformation is 0.84mm. Together 
with the further expansion after 10.0hr (Figure 4.16-(b)), deformations have expanded in 
general with the maximum in center as 4.50mm while in corner varies to be 2.33mm. At last, 
for the ultimate state (Figure 4.16-(c)), the deformation has more increment with the maximum 
separately changes to be 8.85 and 4.21mm in center and corner. 
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Figure 4.16 Time variation for general deformations (Case 14) 
Besides, for investigating the characteristics of deformation, classifications are attempted 
herein. Figure 4.16-(d) presents the image of deformation form. For simplicities, the 
deformations are divided by two types as uniform elongation and circular-arc deformation. 
Uniform elongation is defined as average value of deformations in 4 corner points (average of 
ax, ay, bx, by, cx, cy, dx, dy in Figure 4.16-(d)).  
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Figure 4.17 Time variation of uniform elongation/circular-arc deformations (Case 14) 
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Uniform elongation is considered to have similar behavior with inner expansive mortar and is 
representative for the inner motive energy. Circular-arc deformation is defined as the difference 
between the maximum value and the uniform elongation (for instance. in south profile of Figure 
4.16-(d), circular-arc deformation=max.1 - avg. (ay, by)). 
 
Afterwards, for studying the time variation trend of classified deformations, Figure 4.17 
presents the data for each time point. Points (1), (2) and (3) in Figure 4.17 are corresponding 
to those in Figure 4.16. As denoted in Figure 4.17-(a), the uniform elongation increases slowly 
before 8.0hr of expansion (point (1)). Subsequently, as cracking are confirmed to appear in the 
profile of specimen (refer to Figure 4.6-(a)), the rigidity of frame concrete is estimated to 
decrease and thus deformation has an intense rise from time point (1). After 11.0hr, increment 
of deformation begins to decreasing. Expansion is supposed to converge after this time point 
(cracking also do not have great variation from 10.0hr to 24.0hr, refer to Figure 4.6-(b) & (c)). 
Finally, the maximum uniform elongation is confirmed as 3.33mm. 
Additionally, as presented in Figure 4.17-(b), the circular-arc deformation has alike variation 
trend to uniform elongation. In 24.0hr (point (3)), the circular-arc deformation changes to be 
the maximum as 5.00mm. From the variation of external deformations, it is clarified that 
uniform elongation and circular-arc deformations have generated along with the inner 
expansion. Further, specimens using ASR reactive aggregates are also conducted by authors 
[4.4]. The similar circular-arc deformation near 1.0mm is also validated to generate after around 
1113 days' outdoor exposure. The current specimen using expansive mortar to simulate the inner 
expansion is considered to have reproduced the ASR-induced circular-arc deformation overall. 
 
The comparative study for Case 16 are carried out herein. After 2.80hr of expansion as in 
Figure 4.18-(a), deformations have produced with the maximum as 5mm and 2mm in center 
and corner, respectively. After 3.25hr (Figure 4.18-(b)), value in center increases to the 
maximum as 6mm while in corner keeps no variation as 2mm. In addition, for the final state 
(7.75hr, Figure 4.18-(c)), the general deformation has slight increment while the maximum 
values remain the same. For each time point, it is clarified that deformation rises from corner 
to center of the profile. Circular-arc deformation like Case 14 (refer to Figure 4.18-(d)) grows 
with time. 
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Figure 4.18 Time variation for general deformations (Case 16) 
Moreover, time evolutions for two types of deformation are illustrated in Figure 4.19. For 
contrasting the variation trends between Case 16 and Case 14 (Figure 4.17), the definition for 
dimensionless time is applied herein. The time ratio 1.0 is defined as the end time of expansion 
to be 7.75hr for Case 16 and 24.0hr for Case 14 (refer to Figure 4.17 and Figure 4.19). As 
denoted in Figure 4.19, deformations increase slowly before 1.80hr (time ratio 0.2). After that, 
deformations have an in-tense rise before 3.75hr (ratio about 0.5). Next, the value becomes to 
be steady with the maximum uniform elongation and circular-arc deformation as 1.25 and 
3.25mm, which are smaller than 3.33 and 5.00mm of Case 14 (Figure 4.17). 
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Figure 4.19 Time variation of uniform elongation/circular-arc deformations (Case 16) 
Additionally, as illustrated in Figure 4.17, it is noted that Case 14 also has smaller increase 
before 8.0hr (time ratio 0.3) and then intense growth until 11.0hr (time ratio around 0.5) and 
the slight variation at last. Similar time variation tendency is verified for two cases. 
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To investigate the reason of this development tendency, the inner temperature measured from 
Case 16 is evaluated. As presented in Figure 4.20, before expansion, a recording thermometer 
is input in the central point of the cross-section which is located at 800mm from the upper side 
(central section). Therefore, from reordering results, it is learned that the temperature increases 
drastically from the initial value as around 37˚C until to 3.75hr (time ratio 0.5) for the maximum 
as 106˚C. After that, temperature values begin to decrease due to con-verging of reaction.  
Thus, contrasting to the deformation progress illustrated in Figure 4.19, it is considered that 
the great rise of temperature is corresponding to the intense increase of deformation (stage B) 
before 3.75hr (time ratio 0.5). After that, the decrease of temperature causes the reduction of 
reaction speed for expansion and thus the slow developing pace of deformation.  
 
Figure 4.20 Time variation of inner temperature (Case 16) 
Besides, using expansive demolition agent in the research of Mr. Harada [4.5] shown in Figure 
4.21, it is clarified that expansion starts to increase drastically after the inner temperature begins 
increasing; while when the inner temperature reaches the peak, the expansion becomes almost 
invariable. This tendency is identical for different types of expansion agent (B-200p, NB-20 
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and NB-30) and is confirmed to be coinciding to the current specimen. 
 
 
Figure 4.21 Relation between inner temperature and expansive force 
 
4.2.3 Image for the generating mechanism 
With respect to the Topic 2, the image for generation mechanism and its possible connection to 
stirrup movement are discussed. Distributed load is assumed to act on the frame concrete. The 
frame part AB (Figure 4.22-(a)) is concentrated and assumed to receive fixed restrains in two 
ends. Thus, the distributed load in vertical direction wy produces moment (M) with the 
distribution imaged in Figure 4.22-(b); the corresponding maximum displacement δm is 
generated in the central frame due to the bending rigidity. Further, the distributed load in 
horizontal direction wx transmit to the part AB to result the axial force (N) with the uniform 
distribution referred to Figure 4.22-(b); similarly, the deformation δn is yielded from the tensile 
rigidity. Therefore, it is considered that the circular-arc and uniform elongation is correlated 
with δm and δn, which is generated from bending and tensile effect, respectively. Moreover, 
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from smaller size of frame concrete in Case 14, the extensional rigidity and flexure rigidity are 
both smaller than those of Case 16. Thus, greater uniform elongation and circular-arc 
deformation are obtained for Case 14. 
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Figure 4.22 Mechanism for generation of deformations 
 
On the other hand, Figure 4.23 presents the image for general deformation. It is considered that 
circular-arc deformation occurred by the positive moment might induce the corner part of 
stirrup to have angular opening of corner stirrup; in the former research [4.2], circular-arc 
deformation is confirmed and thus the angular opening of corner stirrup is supposed to occur. 
However, this angular opening of corner stirrup, which is significant on stirrup damage, has not 
been verified distinctly. Therefore, to the movement of stirrup is discussed subsequently. 
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Figure 4.23 Image for relation of deformation 
 
Therefore, as feature of circular-arc deformation, by increasing size of frame concrete, ratio of 
circular-arc to uniform elongation is increased. Greater external restraint causes greater 
proportion of circular-arc deformation. Further, as an integral summary of Chap. 3 & 4, it is 
considered that restraint in corner induces bending effect, which promotes cracking in center 
generating from exterior. Correspondingly, circular-arc deformation produces. Besides, for 
possible influence on stirrup motion, general circular-arc deformation might be influential on 
angular opening of corner stirrup. 
4.3 Movement Behavior of Stirrup in Bent Part 
4.3.1 Deformation for Corner of Concrete 
Corresponding to the Topic 1 (to find out the real stirrup motion with its influence on 
propagation of initiating crack, the study for performance of stirrup was carried out), the 
behavior of stirrup under expansion is investigated in this chapter. 
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Figure 4.24 Deformations in corner concrete 
For investigating the deformation in the corner of concrete, Figure 4.24 presents the enlarge of 
part A in Figure 4.18 for instance. Herein, the meaning for the deformation values will be 
explained. As shown in (1) of Figure 4.24, the length between the fixed frame and the concrete 
surface is 47mm and 44mm for the initial and the final state, respectively. Thus, the deformation 
is 3mm as their difference. Therefore, from the deformation in the final state (Figure 4.24-(b)), 
it is known that from the corner point, deformation increases toward to the center area. The 
corner concrete is confirmed to have the angular opening deformation compared with the initial 
state. 
Hence, the angular variation of corner concrete due to the angular opening deformation will be 
studied. Figure 4.25 shows one instance for the measuring method. Refer to the former Figure 
3.8, measuring points are set for obtaining the deformation of concrete. As illustrated in Figure 
4.25-(a), coordinate system is established with the origin O point in the center of the initial 
cross section. Thus, coordinates of the measuring points can be obtained. (for example, the 
corner point in A of Figure 4.25-(a) is (458mm, -458mm)). 
The part A of Figure 4.25-(a) is enlarged for presenting the initial state. Three measuring points 
a,b,c are chosen for evaluating the angular variation. The initial spacing of ab and ac is 240mm, 
being similar to the width of frame concrete (width is 230mm, defined as corner area, refer to 
Figure 4.1). Thus, the initial coordinate is (458,-458), (218, -458) and (458,-218) for points 
a,b,c, respectively.  
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Figure 4.25 Measuring method for angular variation of corner concrete 
After expansion, the final state is illustrated in Figure 4.25-(b). Based on the deformation 
values in measuring points, the coordinates for a, b and c change to be (461,-460), (218,-462) 
and (462,-218), respectively. As a result, the spacing values of ab, ac and bc are 242.01mm, 
243.02mm and 346.48mm, from which, the angle degree of corner concrete is 90.71°. 0.71° is 
increased, which verifies the angular opening deformation of the corner concrete. Further, the 
deformations used here are only considering the value in perpendicular direction to the concrete 
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surface while those in direction along with the concrete surface are not used. However, based 
on the former research [4.2], little influence for the angle value is confirmed by additionally 
considering the deformation along with concrete surface. 
 
Figure 4.26 Time variation of angular increment (Case 16) 
 
Figure 4.27 Time variation of angular increment (Case 14) 
In addition, for studying the characteristics of time-depended movement, Figure 4.26 presents 
the time variation of the angle for the same corner concrete shown in Figure 4.25. Similar to 
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the deformation increment (refer to Figure 4.17), the angle has an intense increase from 1.80hr 
(time ratio 0.2). After 4.75hr (time ratio near 0.6), the angular increment reaches max. as 0.71°. 
Therefore, it is confirmed that corner concrete has generated the angular opening along with 
inner expansion. Besides, this angular opening is considered to be closely related to circular-
arc deformation of concrete evaluated in the last section. Additionally, the time variation of 
angular change for Case 14 is illustrated in Figure 4.27. It is noticed that the general time 
variation trend is similar to that of Case 16 as acute increment in initial stage and thus tendency 
to be steady. Whereas, the max. angular increment of Case 14 as 1.99 ˚ is larger than 0.71 ˚ of 
Case 16 caused by the smaller restraint from frame concrete. 
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Figure 4.28 Time variation of angular increment 
 
Further, the same measuring method is conducted to all 16 corners of concrete containing old 
type B and C stirrups (2 multiply 8 cross sections, refer to Figure 4.1). Figure 4.28 presents 
the results of angular variation for corner concrete. The maximum value is around 1.65˚. Except 
for the point (1) with negative angle as -0.94˚, it is known that all corner concrete has angular 
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increment with the average around 0.83˚. The entire corner concrete is confirmed to have the 
angular opening deformation, which is considered to be caused by the general circular-arc 
deformation shown in last section. Additionally, the possible reason of point (1) will be 
evaluated in the subsequent contents. 
In addition, inferred from Figure 4.28, it is noticed that the maximum angular increments occur 
in the No. 1 section of specimen for both stirrup B and C. As the general variation trends, the 
angular increment has greater value in two ends of the specimen and then decrease when 
approaching to the central sections. Illustrated in the Fig. 4.28, which is the image for 
distributions of restraints from stirrup and the angular increment. It is considered that the 
restraint degree will decrease from the central sections to the ends of specimens due to the 
arrangement of stirrups. Therefore, this is reason why angular opening of corner concrete has 
greater value in two ends than those in central sections. 
On the other hand, it is considered that stirrups in the cross sections might also have the angular 
opening deformation corresponding to that in the corner concrete. Therefore, the movement of 
stirrups will be investigated. 
 
Figure 4.29 Influence from Restraint Conditions on angular opening 
4.3.2 Movement of Inner Stirrups 
Reflecting to the angular opening deformation of corner concrete, movement of stirrup will be 
investigated in this section. After that, the relation between movement of stirrup and corner 
concrete will be evaluated. For studying the movement directly, the shapes of stirrups are 
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recorded before and after the expansion. The variation of angles in the bent part of stirrups will 
be evaluated. The measuring method of angular variation will be explained. Figure 4.30 
presents one measuring example. Before casting the specimen, 3 points (o, p, q) are determined 
and marked in the actual stirrup, shown in Figure 4.30-(a). The spacing values of op, oq and 
pq are measured as 92.64mm, 87.86mm and 142.43mm. Thus, the degree of θ (angle poq) can 
be calculated as 105.93°.  
Further, after expansion, the same stirrup is taken out (concrete around bent part of stirrup is 
chipped carefully and then the stirrup was cut immediately) and the spacing values of three 
points are measured again. The spacing value is 94.91mm, 89.29mm and 146.05mm, from 
which, the degree of angle θ' can be calculated as 107.55°, presented in Figure 4.30-(b). 
Therefore, the increasing degree is obtained as 1.62°, which is the difference between θ' and θ. 
From the increasing of angle in bent part, it is considered that the stirrup has angular opening 
deformation. 
 
Figure 4.30 Angular increment of stirrup 
Therefore, the same measuring method is conducted to old type B and C stirrups. Figure 4.31 
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presents the results for angular variation of stirrup. It is confirmed that the angle degrees of 
stirrup has the maximum increment as 4.22°. Most of the 16 stirrups have angular increment 
with the average as 1.85°. Further, it is known that the minimum value (point (2) of Figure 4.31) 
is occurred for the stirrup B as -0.34°. This negative value indicates that the corresponding angle 
changed little after the expansion. 
As a result, similar with the corner concrete, the increments of angles for bent part of stirrup 
illustrate that stirrups have angular opening deformation due to the inner expansion. This 
angular opening deformation is considered to be influential on fracture of stirrups. Further, to 
evaluate the possibility for judging the movement of inner stirrup from concrete, the comparison 
between their movements will be conducted in the next section. 
 
Figure 4.31 Distribution for angular variations of stirrups 
4.3.3 Influence on Propagation of Stirrup Damage 
For studying the development of stirrup damage induced by the angular opening deformation, 
the progressing conditions of cracks in bended part of stirrups are investigated. Herein, the old 
type C stirrup (locations can be referred to Figure 4.1) with fractures occurred is used for 
representative. Figure 4.32 illustrates the ratio of crack (ratio of crack length to stirrup diameter 
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as 16mm) for the initial condition and after expansion. The investigation of crack length is 
carried out under a microscope by cutting the stirrup in longitudinal section. Therefore, for 
observing the initial crack, 6 test samples of stirrups with 3 ribs contained for bended part of 
each are performed for bending operation. The average of maximum initial crack ratio in each 
test sample is confirmed as 2.56%. 
 
Figure 4.32 Distribution for angular variations of stirrups 
 
Besides, the progressing cracks in stirrup after expansion are also studied. Type C stirrups in 18 
corners (2 corners × 5 cross-sections for Case 14 and 1 corner × 8 cross-sections for Case 16, 
refer to Figure 4.1) are taken out from the specimens after the end of expansion. Only the 
maximum crack ratio in each corner is presented in Figure 4.32. It is attained that due to the 
angular opening deformation of stirrup, there are two stirrups fractured ((2) and (3) in Figure 
4.1-(a)). Further, compared with the initial crack ratio 2.56%, cracks in 11 of total 18 stirrups 
(61%) have been progressed with the general average crack ratio after expansion as 17.70%. 
Therefore, it is considered that due to the angular opening deformation of stirrup, the initial 
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cracks could be progressed to generate further damage or even fracture of stirrup. 
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Figure 4.33 Comparison for variation of angles between corner concrete and inner 
stirrup 
 
4.4 Correlations of External & Internal Movements 
4.4.1 Comparison for Movements between Concrete and Stirrups 
In inspections to the ASR damage of actual structures, the movements of stirrups cannot be 
observed directly. Thus, to evaluate the possibility for estimating the movement of stirrup based 
on the damage condition of concrete is significant. 
Figure 4.33 illustrates the comparison of angular variations for stirrup and corner concrete 
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based on the results described above. As illustrated in the horizontal axis of Figure 4.33, the 
maximum increment for corner concrete is around 1.65˚, being smaller than that of stirrup as 
4.22°. The point (1) with negative value for corner concrete and point (2) for stirrup in Figure 
4.31 is same to the point (1) in Figure 4.28 and point (2) in Figure 4.31. Apart from the two 
special points, the angular variation between stirrup and corner concrete is considered to have 
correlation with the ratio near 2.13 (Figure 4.33). Therefore, it is considered that the 
movements of inner stirrups can be estimated roughly from the deformation of concrete in 
appearance. In addition, for investigating the influence from crack conditions on the angular 
variation, Figure 4.34 illustrates the possible crack conditions in cross section. Figure 4.34-(a) 
shows the condition with no great crack and dislocation occurred. The crack condition is based 
on the point (3) which is locating in the average line of Figure 4.33; Figure 4.34-(b) present 
one of the condition with dislocation in the appearance of concrete. Figure 4.34 is another 
condition with dislocation occurred.  
In Figure 4.34-(a), it is considered that the angular variation of corner concrete θ'1 (increment 
of angle θ1) can be roughly calculated by the ratio δ/r1 (δ is the deformation of concrete in 
corresponding position of measuring point p in stirrup; r1 is the distance from the corner point 
to the position). As there is no influence from cracks, the stirrup is supposed to have same 
deformation δ. Thus, the angular variation of stirrup θ's is approximate to be δ/rs (rs is the 
spacing value between measuring points of stirrup, op or oq in Figure 4.30-(a)). The ratio θ's/θ'1 
is then decided by r1/rs. Due to the influence from different measuring scopes, the spacing rs in 
stirrup is smaller than the r1 in concrete. As illustrated in Figure 4.34-(a), the ratio r1/rs is then 
calculated as 1.9 (r1 is around 240-70=170mm and rs is around 90mm, refer to Figure 4.30), 
similar with the ratio 2.13 shown in Figure 4.33. Therefore, due to the different measuring 
scopes in the experiment, the angular increment in stirrup is around 2 times of that in concrete. 
However, due to the dislocation condition 1 (Figure 4.34-(b)), the evaluating point c2 will move 
outward compared with the point c1. Thus, the measured angle θ2 (angle b2a2c2) will be in 
greater level than θ1. Further, the corresponding value to this condition is point (4) in Figure 
4.33, which is the maximum value of corner concrete as 1.65˚. Moreover, the dislocation 
condition 2 presented in Figure 4.34-(c) is the state with different direction of dislocation to 
that illustrated in Figure 4.34-(b). This situation is based on the special point (1) with negative 
angle for corner concrete in Figure 4.33. The evaluating point c3 shift inward compared with 
point c1. Hence, the evaluated angle θ3 (angle b3a3c3) will be in smaller level or even smaller 
than the initial state. 
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Figure 4.34 Influence from dislocation in corners 
 
As a result, it is thought that for the condition without great dislocation, the movement level of 
stirrups roughly has correlation with that in concrete. 
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4.4.2 Revision of Angular Increment by Dislocations 
 
 
Figure 4.35 Example for Condition without Dislocation 
 
 
Figure 4.36 Example for Condition with Dislocation (Dislocation 2) 
Figure 4.35 shows on instance for condition without dislocations. The increased angle degree 
of concrete corner θc is 0.95°, which is calculated by the spacing of a', b' and c' before and after 
expansion; besides the increased angle degree of corresponding inner stirrup θincr is 1.78°, which 
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is the difference of angle (abc) before and after expansion. It is illustrated that the increased 
degree of stirrup is about 1.88 times of that of concrete. The reasons are illustrated in Figure 
4.34-(a) which is due to the scope difference from thickness of cover concrete. Thus, it can be 
confirmed that the both inner stirrups and concrete have angular opening deformations in 
correlation. 
However, shown in Figure 4.36 which is corresponding to the condition of dislocation 2 in 
Figure 4.34-(c). The increment of concrete degree is negative of -0.94° and the stirrup is with 
positive deformation with 3.32°. The corresponding reason is considered as the shift of 
evaluation point inward as described above. 
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Figure 4.37 Modification method of dislocations 
For investigating the influence, the modification of dislocations have been conducted. Figure 
4.37-(a) shows one of the conditions for dislocation 1. As illustrated in the Figure 4.37-(b), the 
deformation values are not continues in side 1 due to the dislocation. From the original 
definition for angular variation which is based on the angle of point bac, the increase of angle 
will be different from the truth. For this reason, a new definition which is based on the angular 
variation of side 2 without dislocation is made. In consequence, the general angular variation 
of the corner concrete is 2θ shown in Figure 4.37-(b). 
Based on the new definitions, the results of angular variations for corner concrete are modified 
and presented in Figure 4.38-(b). From the changes of points (3)~(7) (refer to those in Figure 
4.38-(a) for condition before modification), the results are considered to be more closer to the 
averaging line. This further indicates the correlations between the movements of inner stirrup 
and corner concrete. 
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Figure 4.38 Comparison for Variation of Angles Before & After Modification of 
Dislocations 
 
For summary, Figure 4.39 illustrates the image for movements of bended part of stirrups and 
corner concrete. Due to the bending effect, circular-arc deformation occurs in the external 
concrete. Therefore, the angular opening deformation with angular increment is verified for 
corner concrete, which further leads to the angular opening deformation of stirrup. In addition, 
initial crack is occurred by the bending operation and thus the angular opening deformation of 
stirrup is considered to induce promotion on progressing of the initial crack.  
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Figure 4.39 Summary of movements 
 
4.5 Summary 
This chapter is corresponding to both the Topic 1 (to find out the real stirrup motion with its 
influence on propagation of initiating crack, the study for performance of stirrup was carried 
out) and Topic 2 (to learn about the casual factors for deformation condition of stirrup, 
generation mechanism of cracking & deformation was evaluated). Classifications for cracking 
and deformation to study the expansive effect and study of actual stirrup motion due to 
expansion as well as the influence on propagation of damage in stirrup are performed. As a 
consequence, following conclusions have been drawn: 
(1) Based on the experiment, for discussing the effects from ASR-inner expansion, cracking 
conditions are evaluated. It is clarified that cracking in external concrete are generally 
divided into 3 types as Type a for cracking generating from exterior due to the positive 
bending moment in center area; Type b for cracking producing from interior caused by the 
negative bending effect in corner area; further, Type c cracking spreading throughout the 
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diagonal direction by the uniform tension in corner part. In addition, it is noticed that 
through increasing size of frame concrete, cracking strain & density have decreased over 
one half. However, amount for each cracking type keeps invariant between Case 14 & 16, 
which infer that the cracking form is not influenced by parameters 
(2) Corresponding to cracking, external deformation conditions are evaluated. Deformation is 
classified as circular-arc and uniform elongation deformation. Obtained by experimental 
results, both two kinds of deformations generate along with inner expansion. For Case 14 
(size of frame concrete as 112mm), the max. circular-arc and uniform elongation 
deformations are 5.00 and 3.33mm; while for Case 16 (size of frame concrete being greater 
as 230mm), values are smaller as 3.25 and 1.25mm induced by greater restraint. by 
increasing size of frame concrete, ratio of circular-arc to uniform elongation is increased 
from 1.5 to 2.6. Greater external restraint causes greater proportion of circular-arc 
deformation. 
(3) From the study of deformations in corner concrete, the angles have increment with the 
average around 0.83º. Angular opening deformation is confirmed for the corner concrete 
together with the production of circular-arc deformation. The angular increment is validated 
to have greater value in two ends of specimens due to the smaller restraints from stirrups. 
Further, during the experiment, the movement of stirrup was recorded and investigated 
directly. Caused by the inner expansion, it is observed that the bent part of stirrup has the 
average angular increment of 1.85º. The angular increment verifies that the bent part of 
stirrups also has the angular opening deformation, which is considered to be very influential 
on the fracture of stirrup. 
(4) It is considered that the general specimen has circular-arc deformation, which further 
induces the angular opening deformation and the angular increment in the corner concrete. 
Thus, due to the influence from thickness of cover concrete, the stirrup has angular 
increment around 2 times of that in concrete. From the modifications of angular increment 
for corner concrete, it is considered that for condition without great dislocation, the 
movement level of stirrups roughly has correlation with concrete. 
(5) The angular opening of corner stirrup is confirmed as 1.9° to be avg. of 16 corners from 
Case 16. Besides, initiating cracks were confirmed as 2.56% to the diameter of stirrup in 
avg. before expansion. Subsequently, caused by the angular opening of corner stirrup, 
initiating cracks were progressed to 17.7% in avg. of Case 14 & 16. The angular opening 
of corner stirrup is considered to be very crucial for progress of initiating crack. 
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Chapter 5 Analytical Evaluations on Movement of 
Concrete and Stirrup 
5.1 Considerations for Analytical Model 
Regarding both Topic 1 (to find out the real stirrup motion with its influence on propagation of 
initiating crack, the study for performance of stirrup was carried out) and Topic 2 (to learn about 
the casual factors for deformation condition of stirrup, generation mechanism of cracking & 
deformation was evaluated), analytical evaluations are performed. As preparatory works, basic 
considerations for analytical model and material models for concrete and stirrup are introduced. 
Besides, the generation mechanism of deformation and stirrup motion are studied in numeric 
based on the analytical results. 
5.1.1 Analytical Model 
 
Figure 5.1 Objective Specimen for Modelling 
To evaluate the sectional deformation of concrete and movement behavior of stirrup, the 2-
dimensional elastic-plastic finite element analysis is conducted. Further, for studying the 
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movement features in greater level, Case 14 (Figure 5.1) is chosen as the objective because of 
the smaller restraint from frame concrete (size as 112mm smaller than 230mm of Case 16).  
 
Figure 5.2 Analytical models 
The whole section is applied for modeling as presented in Figure 5.2-(a). The expansive mortar 
with the size as 456mm×456mm is simulated. Referring to the Figure 5.1-(a), the spacing of 
stirrups for section 2~4 is same as 285mm. Thus, for modeling these three sections, one stirrup 
is set into the model with the depth of concrete model as 285mm (refer to (1) of Figure 5.1-(a) 
for image, section 3 as instance). Based on observations from experiment, expansion in axial 
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direction is also confirmed. Therefore, four-node quadrilateral isoparametric plane stress 
elements considering strain in three directions are applied. Besides, point O (Figure 5.2-(a)) is 
fixed in x, y directions to avoid the shift of the central point. For simulating the bent section of 
stirrup in detail, plane stress elements are also applied (Figure 5.2-(c)) with the width as 16mm 
(diameter) and the depth as 12.4mm (to result the same area to D16 as 198.6mm2). 
5.1.2 Material Models for Frame Concrete & Stirrup 
Table 5.1 Material properties 
Item Frame Concrete Steel 
Compressive Strength 
/Yield Strength (N/mm2) 35 393 
Tensile Strength 
(N/mm2) 4.92 599 
Elastic Modulus 
(N/mm2) 2.78×10
4 2.1×105 
Coefficient of Expansion -- -- 
 
Table 1 shows the material properties of concrete and steel. For the frame concrete, the 
compressive strength is 35N/mm2 same with the experiment. The elastic modulus is the 
corresponding value based on the Specification for Highway Bridges [5.1]. The Poisson ratio 
is obtained from the Specifications for Concrete Structures [5.2]. Further, for steel, the yield 
and tensile strength is based on the values obtained by tensile test according to the JIS Z 2242 
experiment method [5.3]. 
Figure 5.3 presents the stress-strain model of frame concrete. In the compression side, the para-
curve is developed until the compressive strength as 35N/mm2. After that, a straight line is 
formed with stress as constant and strain increased only. Further, the Drucker-Prager criterion 
is used for the biaxial compressive situation. With respect to the tensile side, the curve grows 
in linear to the tensile strength. Then considering the softening condition, 1/4 model is used 
after the cracking. In addition, the Rankine criterion is applied for the biaxial tensile and tensile-
compressive situations.  
Figure 5.4 describes the stress-strain model for steel. The yield and tensile strength is based on 
the values obtained by tensile test according to the JIS Z 2242 experiment method. The model 
is set as a tri-linear line considering the strain hardening after the yield point. Besides, Von-
Mises criterion is adopted. 
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Figure 5.3 Stress-strain for Frame Concrete 
 
Figure 5.4 Stress-strain for Steel 
Besides, the strain values utilized for tensile side of concrete (Figure 5.3) are decided by 
following Eq. 5.1~Eq. 5.3 based on the fracture energy of concrete. 
Lf
G
t
f
crA 
75.0                         Eq. 5.1 
Lf
G
t
f
crB 
5                           Eq. 5.2 
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3/13/1
max )'()(10 ckft fdG                     Eq. 5.3 
Where, εcr is the cracking strain; Gft is the fracture energy of concrete; ft is the tensile strength; 
L is the representative length of element (10mm herein, refer to Figure 5.2); dmax is the 
maximum aggregate size as 13mm in the current specimen; f’ck is the design compressive 
strength. 
5.2 Decision for Material Model of Expansive Mortar 
5.2.1 General Introduction 
 
Figure 5.5 Comparison of the Outer Pressure & Inner Pressure 
Figure 5.5 presents the comparisons for expansive pressure applied in inner and outer pipe, 
between which, the lime-type expansive agent similar to that in the current specimen is utilized 
with the ratio W/E as 25% [5.4]. As shown from the Figure 5.5, it is observed that the inner 
pressure and outer pressure are roughly identical along with the time variation. Therefore, the 
effect of expansive agent during the hydration process is considered to have liquid behavior. 
As a consequence, how to decide the physical properties of a material with liquid behavior is 
very difficult and simultaneously quite significant for the subsequent analytical evaluations. 
In this section, 4 different proposals based on variant considerations are summarized. 
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5.2.2 Proposal 1 for Material Model of Expansive Mortar 
(1) Characteristics for Expansion 
Figure 5.6 shows the relation between strain of expansive mortar to the restraint degree based 
on the experiment using uniaxial restraint [5.5]. It is found that the expansive strain is 
influenced by restraint degree greatly, especially in the small restraint area. Expansive features 
are different in different restraint conditions. Thus, to consider the restraint status in actual 
specimen is very necessary for deciding the expansive model.  
 
Figure 5.6 Influence of Restraint Degree on Expansion 
As shown in Figure 5.7, restraints to expansion are from both frame concrete and stirrup. 
However, for simplicity, only the influence from restraint of stirrup will be considered. 
Further, Figure 5.8 presents the image for expansion process. The free expansive strain is 
supposed to be ε0. In the restraint condition, the expansive strain εr will become smaller. The 
difference (ε0-εr) is considered to be saved in the expansive mortar. Thus, for getting the material 
model of expansive mortar, the relation between (ε0-εr) and compressive stress σc of expansive 
mortar is necessary. Thus, the relation between free and restraint strain is required. 
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Figure 5.7 Influences from Different Parts 
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Figure 5.8 Image for Expansion Process 
Due to the equilibrium of forces in steel and expansive mortar, the relation between free and 
restraint strain ε0, εr can be obtained as illustrated in Eq. 5.4: 
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c
r EpE
E
                            Eq. 5.4 
where, p is the steel ratio; Es, Ec are the young’s modulus of steel and expansive mortar. 
(2) Expansive Model 
Based on the Eq. 5.4, the relation between free and restraint strains have been plotted in Figure 
5.9. Herein, the Es, Ec are assumed as 2.1×105N/mm2 and 2.78×104N/mm2. Along with the 
process of expansion, the expansive mortar surfers degradation and the young’s modulus is 
considered to decrease.  
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Figure 5.9 Relation between Restraint & Free Expansion 
 
Thus, refer to the former research [5.6], damage parameter is imported into the young’s modulus 
based on Eq. 5.5. 
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11
            Eq. 5.5 
where, Ω is the damage parameter, which is 0 when there is no damage and varies to be 1 when 
damage is saved; εc is the cracking strain; α is the indicator illustrating the saving degree of 
damage (Figure 5.10). The damage increment is set to be change actuely along with the 
increment of α. 
 
Figure 5.10 Variation of Damage Parameter 
 
As shown in Figure 5.9, the curve p=0.22% is calculated from equation and corresponding to 
the specimen condition. Further, the test results are referred from Nishigori [5.7, refer to Figure 
5.11] (p=1.7%) conducted in uniaxial condition based on the standard method by JSCE. The 
rough coincidence between the test results and the calculated curve shows the reasonability of 
the equation. 
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Figure 5.11 Result between Free & Restraint Strain [5.7] 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
0 2000 4000 6000 8000 10000
 
Figure 5.12 Assumed Expansive Model 
 
115 
 
Thus, by using the curve p=0.22%, the relation between free and restraint strain is obtained. 
Figure 5.12 shows the assumed model of expansive mortar, with the stress-strain relation 
decided by the following Eq. 5.6: 
)()Ω1( 0 rcc E                        Eq. 5.6 
Besides, to produce expansion, temperature is input linearly to the model of expansive mortar 
as shown in Figure 5.2. The coefficient of expansion is set as 10-5/˚C. In the analysis, 10 ˚C is 
input for each step. 
5.2.3 Proposal 2 for Material Model of Expansive Mortar 
With respect to this proposal, due to the lack of data for the expansive properties, expansive 
mortar is simplified as an isotropic material similar to fluid, based on the former research [5.4], 
with the elastic modulus as 700N/mm2. Further, since temperature is input for producing the 
expansive strain (detailed explained in next section), the coefficient of expansion is applied as 
1.0×105. 
 
Figure 5.13 Steel Tube Experiment 
In addition, the input of expansive strain is necessary in the expansive mortar. As illustrated in 
Figure 5.13-(a), for obtaining the time history of expansion, a steel tube experiment using the 
expansive mortar with same mix proportions (referred from Table 3.3 of Chap. 3) to the 
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specimen are conducted. The steel tube is manufactured by STK 400 steel with the external 
diameter as 60.5mm, the thickness as 2.3mm and the height as 242mm. After casting the 
expansive concrete into the tube, the expansion began and the generated strain can be measured 
by the strain gauges pasted on the surface. Further, the average strain from the gauges is defined 
as εexperiment. 
Referring from Figure 5.13-(b), a simplified analytical model of the steel tube experiment is 
made. Applying temperatures with the coefficient of expansion as 1.0×10-5, the inner expansive 
mortar will expand and impact on the steel tube. As for analysis results, due to symmetries, 
strains in different positions of tube surface are almost same. Thus, three node points in the 
right part of the tube are used for evaluation of strain in surface of tube model defined as εouter. 
Strain input into the inner expansive concrete is defined as εinner.  
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Figure 5.14 Input Model of Expansive Strain 
Thus, for adjusting the εouter to be similar with the strain from experiment εexperiment, the input 
strain εinner is modified by trails. As the adjusting results, the time history model of input strain 
is un-dimensioned and presented in Figure 5.14. A tri-linear model is obtained, in which the 
first stage has relatively greater expansion pace till to the expansive strain as 0.47εmax in 0.11t; 
after that, the expansion pace decreased turning towards to the expansive strain as 0.76εmax in 
0.33t; at last, due to the convergence of reaction, expansive strain increase slowly towards to 
the maximum εmax in 1.0t. The strain expansion histories will be input into the model of 
expansive mortar as shown in Figure 5.2. Further, temperature corresponding to strain as 
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17500μ in free expansion condition is input as max. of the model to get similar surface strain 
to the experiment. 
5.2.4 Proposal 3 for Material Model of Expansive Mortar 
As to the model of expansive mortar, it is known that the expansive strain is influenced by 
restraint degree. The free expansive strain is supposed to be ε0. In the restraint condition, the 
apparent expansive strain εr will become smaller than ε0. The difference (ε0-εr) is considered to 
be accumulated. Thus, for getting the material model of expansive mortar, the relation between 
(ε0-εr) and expansive stress σc is necessary. 
For obtaining the expansion characteristics, a steel pipe specimen using the expansive mortar 
with same mix proportion is performed. The steel pipe is manufactured by STK 400 steel with 
the external diameter as 60.5mm, the thickness as 2.3mm and the height as 242mm. After 
casting the expansive mortar into the pipe, the expansive strain can be measured by two pieces 
of strain gauges pasted on the peripheral direction of the pipe.  
Therefore, the average expansive strain from gauges is confirmed as 445μ at the end of 
expansion. Based on the outer pipe method proposed in former study [5.4], the corresponding 
expansive stress is calculated as 9.33N/mm2 based on following Eq. 5.7: 
 s
s kE

 2
)1( 2                        Eq. 5.7 
where, Es is the elastic modulus of steel tube; vs is the poison ratio; k is the ratio of external and 
inner diameter of steel tube. 
Further, from the research using expansion demolition agent [5.8], the expansive stress is 
verified to suffer small influence from different restraint degree (Figure 5.15). Thus, 
9.33N/mm2 is supposed as the maximum expansive stress of the expansive mortar herein. 
Besides, the maximum free expansive strain ε0 is computed as 0.058 when expansive mortar is 
set as 200kg/m3 based on the proposed relations by KABSE shown in following Eq. 5.8 [5.9]. 
ε0=0.0003Exp3.6                              Eq. 5.8 
where, ε0 is the free expansive strain; Exp refers the unit amount of expansion agent. 
Further, the apparent expansive strain εr is supposed as 0.099 times of ε0 to be 0.006 based on 
the experimental results of former research [5.7]. Therefore, the accumulated strain (ε0-εr) is 
0.052. As a result, the material model for expansive mortar is decided as a bi-linear line shown 
in Figure 5.16. 
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Figure 5.15 Influence from Restraint Degree on Expansive Pressure [5.8] 
 
In addition, as mentioned above, the time variation of deformation is considered to reflect the 
reaction pace of expansive mortar. Thus, temperature using the dimensionless time variation of 
uniform elongation (Figure 5.17) is input into the model for expansion. Maximum 3000˚ with 
the coefficient of expansion as 1.0×10-5 are applied for the model. 
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Figure 5.16 Stress-strain Model for Expansive Mortar 
 
Case 14 (Elongated defor)
 
Figure 5.17 Assumption for Time Variation of Expansion 
5.2.5 Proposal 4 for Material Model of Expansive Mortar 
Considerations to decide the material model of expansive mortar is discussed. As illustrated in 
Figure 5.18, in the research of professor Okamura [5.10], specimens of expansive concrete with 
amount of expansive agent near to be 67.5kg/m3 and the size as 150mm×150mm×500mm have 
been manufactured to study the physical properties. For preventing the adhesion, sheath was 
set around the PC steel bar (diameter as 17mm, restrained ratio around 1.0%).  
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Figure 5.18 Experimental Facilities of Specimen Used For Compression Test 
Expansive concrete applied the replacement rate of expansive agent as 0%, 13%, 15% and 20% 
(replacement rate is the ratio of amount for expansive agent to the sum of amount for expansive 
agent and cement). After 35 days' water curing in 20°C, PC steel bar was removed to relive the 
restraint. Thus, compression test is immediately conducted for the specimen which is in 
hardening situation. The result of case with replacement rate of 20%, which is the most 
approaching to 25.8% of current specimen (Table 3.3), is focused. Refer to the results illustrated 
in Figure 5.19, the maximum strength and corresponding strain are obtained as around 
17N/mm2 and 1600μ with the elastic modulus to be 10625N/mm2. 
 
Figure 5.19 Stress-strain Curve for Expansive Concrete [5.10] 
Further, from the study of Dr. Wu [5.11], the lime type expansive agent being same to that 
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utilized in current specimen is applied and the unit amount is varied from 49~146kg/m3. The 
un-restrained cylinder specimens with size as Φ100mm×200mm have been made.  
After 13 days' water curing in 20°C, compression tests have been carried out and the results are 
plotted in Figure 5.20. It is found that from 49kg/m3 to 146kg/m3 of expansive agent, 
compression strength decreased linearly from near 70N/mm2 to around 1/10 times as 7N/mm2. 
Thus, though with different restraint conditions, the physical factors obtained above are 
considered to be fairly smaller for the current specimen using larger amount as 200 kg/m3.  
 
Figure 5.20 Variation of Physical Factors 
 
Accordingly, as presented in Figure 5.21, 1/10 of the previously obtained elastic modulus and 
strength is selected as instance for the model of expansive mortar, since slight difference for the 
deformation behavior has been noticed when using small ratio as 1/5, 1/10 or 1/20. 
In addition, to simulate the time depended expansion in the model, the inner temperature in 
specimen is measured. As presented in Figure 5.22 (Case 16), before expansion, a recording 
thermometer is input in the central point of the cross-section which is located at 800mm from 
the upper side (to be the middle cross-section).  
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Figure 5.21 Stress-strain for Expansive Mortar 
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Figure 5.22 Input of Expansive Strain 
Therefore, based on the reordering results, it is learned that the temperature increases acutely 
from the initial value as around 37˚C until to 4.50hr for the maximum as 106˚C. After that, the 
temperature values begin to decrease due to the converging of reaction. Besides, learning from 
the general consistency between variation trends of inner temperature and the expansion of 
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expansive agent [5.12], the time variation of recorded temperature is non-dimensionalized and 
used for time variation of thermal expansion acting on the model of expansive mortar (Figure 
5.2). The coefficient of expansion as 1.0×10-5 /˚C is applied. 
 
Figure 5.23 Maximum Free Expansive Strain 
 
Additionally, Figure 5.23 displays the results of maximum free expansive strain for expansive 
concrete, which is also provided by experimental tests of Dr. Wu [5.10]. The un-restrained 
rectangular columns with size as 100mm×100mm×400mm have been manufactured and under 
water curing with 20°C for 13 days. 
Illustrated in Figure 5.23, the maximum free expansive strain is around 21000μ when the unit 
amount is 146kg/m3. Further, learning from the approximate linear relation between strain and 
unit amount, the corresponding maximum free expansive strain is estimated as roughly around 
30000μ using different extrapolation methods for the 200kg/m3 in current specimen.  
The experimental tests utilized relatively great amount of expansive agent and provided reliable 
data. Thus, though with different curing condition, the estimated maximum free expansive 
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strain as 30000μ is adopted to the current specimen for the general evaluation. Furthermore, 
expansion is considered to be terminated after point A' of Figure 5.22 due to the decrement of 
temperature. Thus, strain is set constantly after the maximum (A') for giving convergence in 
analysis.  
5.3 Comparison to Experimental Results 
5.3.1 Comparison based on Proposal 1 
(1) Deformation Conditions 
By analysis using expansive model depended on the restraint conditions and liner increment of 
free expansive strain, the following comparisons are performed. 
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Figure 5.24 Area of Deformation 
Area of deformation (Figure 5.24-(a)) is considered to represent the expansive energy. In the 
same area, different rigidities of external restraints might cause the different deformation shapes. 
Thus, to compare the deformation shapes in same area is necessary to evaluate the 
reproducibility of analysis. Figure 5.24-(b) is the deformation areas from experiment and 
analysis. Temperatures are input linearly into the expansive mortar. Thus, the deformation area 
from analysis increases almost linearly until to the maximum as 9655mm2 when divergence 
occurred in 214th step. However, due to the variation of reaction speed, the deformation area 
from experiment increases slowly before first 8 hours; thus, a drastic increasing occurs during 
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8 to 11 hours; after that, the value becomes to converge with the maximum area as 17109mm2. 
Thus, during the drastic increasing time interval of experiment, three stages with deformation 
area as 2714, 4807 and 8309mm2 have used for comparison. 
 
Figure 5.25 Output of Results in Analysis 
 
The comparison of deformation conditions is presented in Figure 5.26. The deformation shape 
of experiment (left side of Figure 5.26) is the average of each corresponding profile of section 
2~4; while for numeric comparison, average deformation of 12 profiles (3 sections × 4 profiles) 
is used.  
Further, illustrated in Figure 5.25, 9 points (a-i) with same positions to measuring points in 
experiment are selected to plot displacements in analysis. The values in Y direction are defined 
as the deformations for analysis. 10 times of the real deformation shape is used in both 
experimental and analytical conditions. 
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Figure 5.26 Comparison of Deformation Conditions 
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As illustrated in Figure 5.26, maximum deformations for both experiment and analysis are 
located in the middle point. Circular-arc deformation has been reproduced by analysis. When 
the area of deformation is 2714mm2 (Figure 5.26-(a)), the maximum values from avg. of 
experiment and analysis are 1.27mm and 1.76mm; when the area is 4807mm2 (Figure 5.26-
(b)), the maximum values are 2.49mm and 2.94mm; while when the area is 8309mm2 (Figure 
5.26-(c)), the maximum values are 4.20mm and 4.75mm. 
It is found that for each stage, the maximum deformation of analysis is greater. However, the 
deformations of analysis in other areas (such as A in Figure 5.26-(a)) has smaller level. 
Deformation shapes from analysis show greater trend to concentrate on central area of profile. 
Further, from Figure 5.26, the expansive mortar has similar shape with the external shape of 
concrete in analysis. 
Thus, as a result of the comparison for deformation conditions, it is concluded that the circular-
arc deformation is verified for both experiment and analytical conditions. Further, the circular-
arc deformation was also confirmed in the ASR specimen by former research [5.13]. 
In addition, by classifying the general deformation as uniform and circular-arc deformation, the 
comparison is also carried out as subsequent contents. 
 
  
Figure 5.27 Time Variation of Classified Deformations 
Thus, comparison is presented in Figure 5.27. Figure 5.27-(a) and (b) are the uniform 
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deformation for experiment and analysis; while Figure 5.27-(c) and (d) are the comparison for 
circular-arc deformation. The data of experiment is the average values of section 2~4.  
As illustrated in Figure 5.27-(a), the uniform deformation from experiment increases slowly 
before the first 8 hours (0 hour is defined as the time point when the expansive mortar has just 
been cast into the specimen); thus, due to the occurrence of penetrating cracking in corners, 
which is explained subsequently in detail, a drastic increasing occurs during 8 to 12 hours; 
correspondingly, the circular-arc deformation of experiment (Figure 5.27-(c)) also has an 
intense increasing during this time interval; after that, as decrease of reaction speed for 
expansive mortar (cracking conditions in concrete surface are also confirmed to have small 
variation after 12 hours), the deformation value becomes to converge with max. as 3.32mm. 
Temperatures are input linearly into the expansive mortar in analysis. Therefore, as presented 
in Figure 5.27-(b), the variation of deformation from analysis increases almost linearly until to 
the maximum as 2.71mm when divergence occurs in 261st step. This final step of analysis with 
closest value to maximum of experiment is chosen to compare with the ultimate of experiment. 
In this stage (S2 of Figure 5.27-(a), (b)), the uniform deformation is 3.32mm in 24 hours and 
2.71mm in 261st step for experiment and analysis, respectively. Further, another stage (S1 of 
Figure 5.27-(a), (b)) is chosen with uniform deformation as 1.48mm and 1.36mm being almost 
half of the maximum for experiment and analysis, respectively. 
 
Figure 5.28 Deformations in S2 (Experiment) 
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As illustrated in Figure 5.27-(c), (d), the circular-arc deformation in S2 is 4.04mm and 5.00mm 
for experiment and analysis; the ratio of circular to uniform deformation is 1.49 for analysis 
similar to 1.51 for experiment. For S1, the circular-arc deformation is 2.87mm and 2.76mm for 
experiment and analysis; also the ratio of circular and uniform deformation is 1.86 close to 1.94 
of experiment. 
Figure 5.28 presents the general deformation shape of experiment for stage S2 of Figure 5.27-
(a). It is observed that the maximum values in profile changes from 7.75mm to 8.85mm; while 
values in corners varies from 2.39mm to 4.21mm. For detailed comparison with analysis, 1/4 
of the deformation shape is used by averaging the corresponding values in four quadrants 
((1)~(4) of Figure 5.28). 
Figure 5.29 shows the comparison of deformation shapes. From Figure 5.29-(a)~(d), the 
deformation in center of profile is greater than that in corner. Combined with descriptions in 
Figure 5.27, it is concluded that the circular-arc deformation is verified for both experiment 
and analysis. 
The deformation area is also compared. As shown in Figure 5.29-(e), deformation area is 
divided by two parts. One is the area of uniform deformation as increasing of the quadrilateral 
connecting four corner points; another part is the area of circular-arc deformation which is the 
difference between total area and area of uniform deformation.  
As presented in Figure 5.29-(f), the area of uniform deformation for analysis is in smaller level 
due to the smaller final uniform deformation (2.71mm, Figure 5.27-(b)). Concentrating on the 
ratio between area of circular and uniform deformation, the trend of area for circular-arc 
deformation is weaker in analysis. The possible reason will be evaluated in the subsequent 
contents. 
(2) Cracking Conditions 
In this sub-section, the cracking conditions by using principal strain is evaluated contrasted with 
those from experiment. Figure 5.30 illustrates cracking in upper section of experiment in stage 
S2. After the end of expansion, the inner section of specimen has been cut off and similar 
cracking form to that in upper section is confirmed. Thus, the cracking conditions in upper 
section are used for representative. Cracking are measured by scale and sketched together with 
the progress of expansion. Cracking with the width greater than 0.05mm is selected as the 
objective. It is observed that cracking have greater width in corner area with the maximum as 
4.0mm. However, those in central area have relatively small width. It can be summarized that 
there are two main styles of cracking occurred during the expansion: cracking in central area 
(A of Figure 5.30) develops from the profile and cracking in corner area (B of Figure 5.30) 
from the inner expansive mortar with the direction around 45˚. 
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Figure 5.29 Comparison of Deformation Shapes 
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Figure 5.31 illustrates the definition of cracking in analysis [5.14]. In the direction 
perpendicular to maximum principal strain with values greater than cracking strain (177μ, 
Figure 5.3), the cracking is defined to occur. The cracking width is defined as the product of 
strain and equivalent length (L of Figure 5.31, determined as 10mm based on element size). 
 
Figure 5.30 Cracking Conditions (Experiment) 
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Figure 5.31 Definition for Cracking Direction & Width 
For cracking in corner area, Figure 5.32 presents the vector distributions of maximum principal 
strain with value greater than cracking strain. It is known that great strains occur in corner area 
with the cracking position roughly coincide with that in experiment.  
As to detailed evaluation, the maximum strain as 0.215 is generated in the boundary between 
expansive mortar and frame concrete. Translating to cracking width, it is 2.15mm 
(0.215×10mm) with similar level to that in experiment. Further, different with experiment, the 
cracking in analysis is not penetrating the corner part. This will give more restraint to the 
occurrence of circular-arc deformation which corresponds to the smaller trend for area of 
circular-arc deformation in analysis (Figure 5.29-(f)). 
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Figure 5.32 Strain in Corner Part 
Besides, as illustrated in Figure 5.32, greater strain as 0.023 (yield strain as 0.0019, Figure 5.4) 
occurs in the inner bent part of stirrup. It is estimated that the circular-arc deformation of 
external concrete can lead to the angular opening deformation of stirrup (increase of angular 
degree in bent part of stirrup). Therefore, the greater strain in bent part of stirrup is considered 
to be caused by the angular opening deformation. Further, this great strain will increase the 
possibility to the progress of initial damage in stirrup and even the rupture of stirrup, which is 
confirmed to occur in section 2 and 5 of specimen as shown in Figure 5.1. 
Figure 5.33 presents the enlarging of strains in central part. As shown in zone p, from upper to 
inner side, the strain decreases from 0.162 to 0.064, this infers the occurrence of cracking in 
center surfers the contribution from bending effect. Further, 5 lines with the spacing near 30mm 
are selected to investigate the strain distribution in cross-section of frame concrete. As 
illustrated in Figure 5.33, the strain greater than cracking strain is summed up (Sum1 as 0.307, 
Sum5 as 0.131 for instance).  
Therefore, Figure 5.34 shows the strain distributions based on the strain measurements 
illustrated in Figure 5.33. The strain distributes in ladder-shape. The neutral axis is assumed to 
locate in 89.6mm from upper side (0.8 times of cross-section, confirmed by sectional 
calculation). Thus, the strain caused by uniform tension is calculated as 0.166 (width as 1.66mm) 
and by bending effect is 0.141 (width as 1.41mm). The circular-arc deformation of external 
concrete is considered to be caused by this bending effect.  
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Figure 5.33 Strain in Central Part 
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Figure 5.34 Generation of Uniform Deformation 
The calculated width from uniform tension is 1.66mm as around 61% of the uniform 
134 
 
deformation (2.71mm, Figure 5.27-(b)). This means the uniform deformation in analysis is 
mainly caused by the component of uniform tension from cracking in central part. However, 
from the cracking conditions of experiment in Figure 5.30, the uniform deformation in 
experiment is estimated to suffer more influence from penetrating cracking of corner parts. 
5.3.2 Comparison based on Proposal 2 
In this section, the analytical results base on the proposal 2 are contrasted with experiment. 
Furthermore, the analysis is conducted for the Case 13 (refer to Figure 5.35) with the standard 
specimen condition with the Case 11. 
 
Figure 5.35 Analytical Model for Case 13 
Firstly, the variation of surface strain will be explained as shown in Fig. 21. The surface strain 
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is defined as the following Eq. 3: 
l
y                               Eq. 5.9 
where, δy is the deformation in Y direction at the corner point of model; l is the length of the 
model side as 340mm (referred from Figure 5.1). 
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Figure 5.36 Variation of Surface Strain 
As illustrated in Figure 5.36, the maximum value is confirmed as 7000μ which is similar with 
that from experiment (7011μ). As shown in the curve, the first turning point is occurred in 0.11t 
with the value as 2318μ (0.33times of εmax, 7000μ); the second one is in 0.31t with the strain 
value as 4529μ (0.65times of εmax). It is found that the two turning points have smaller 
difference to those of the expansion histories (Figure 5.14), from which, it is known that the 
variation pace of external damage has correlations with the variation pace of the expansion. 
For comparing with the results from experiment, three time points A, B and C with surface 
strain as 200μ, 2000μ and the maximum 7000μ, respectively, are selected. 
The comparison of deformation conditions will be conducted as illustrated in Figure 5.37. The 
analysis uses 1/4 model, which cannot compare with experiment directly. Besides, due to the 
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non-uniform displacements in 4 profiles of the specimen, the average displacements in each 
corresponding measuring points for 32 half sides (8 half sides in one section multiplied by 3 
middle sections of the specimen) are used for plotting the 1/4 deformation figures. Besides, 10 
times of the real deformation shape is used for plotting in both experimental and analytical 
conditions. 
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 Figure 5.37 Comparison of Deformation Condition 
In the point A, displacement in two endpoints is 0.78mm, 0.57mm for experiment and 0.60mm, 
0.31mm for analysis. It is known that small difference is occurred and similar trend of circular-
arc deformation can be confirmed for both two conditions. Similar phenomenon can be 
observed for the point B with the displacement in two endpoints as 1.95mm, 0.63mm for 
experiment and 1.44mm, 0.87mm for analysis. For the point C, displacement in center endpoint 
is 4.02mm and 3.61mm for experiment and analysis, with smaller difference. Displacement in 
corner endpoint is 1.43mm for experiment smaller than the 2.38mm in analysis. The 
dislocations in two corners of experiment (Figure 5.38-(a)), which cannot be simulated by 
analysis, might cause the relatively smaller value in experiment. 
Thus, as a result of the comparison for deformation conditions, it is concluded that the similar 
deformation forms as circular-arc deformation is verified for both experiment and analytical 
conditions. 
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Figure 5.38 Comparison of Deformation Condition 
The comparison of cracking conditions is presented in Figure 5.39. As a representative, the 
cracking condition in right upper part with 1/4 of the whole section is used for experiment. 
Areas of principle strain are shown for analysis (area with strain greater than 0.0001 is 
illustrated). In the point A (surface strain 200μ), cracking developed both in center and corner 
areas ((1) and (2) of Figure 5.39). The cracking position and types are similar between the 
experiment and analysis; in the point B (surface strain 2000μ), cracking (1) extend further to 
inside, which can be verified by analysis due to the increasing of strain in the end of cracking 
(1) (area a in Figure 5.39-(b));  besides, a new cracking (2) occurs from surface which can 
also be confirmed by analysis; for the point C (surface strain 7000μ), except for the extending 
of cracking (3), other cracking seem no longer extend but only the cracking width increased in 
experiment; while in the analysis, new cracking have the trend to produce from inside during 
center and corner area, which correspond to the cracking type b in Figure 4.12. This is probably 
caused by the negative bending effect from the expansion. One of the similar cracking (4) in 
Figure 5.39 is confirmed to occur in Case 11 with same size and reinforcing condition with 
standard case. 
 
Figure 5.39 Comparison of Cracking Condition 
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As a result, the authors concluded that the cracking types and positions are roughly reproduced 
by the analysis. 
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Figure 5.40 Angular Development of Concrete and Stirrup 
Figure 5.40 illustrates the relation between deformation of stirrup and concrete surface. The 
deformation for stirrup α is calculated by choosing three points in the stirrup with spacing value 
as 140mm; while for the concrete surface β uses the increased angle in the center area with the 
length as 200mm (Figure 5.40).  
β simulates the circular-arc deformation in the surface (2β is used for the symmetry). Thus, as 
shown in Figure 5.40, the circular-arc deformation increases in advance than the stirrup in the 
initial stage (A area); then, the variations of them have the similar trend until 0.14t, after which 
α increases in a smaller pace to the maximum 0.33˚. The circular-arc deformation still increases 
till the 0.34t and then to the maximum 0.61˚. The first decrease of the increasing pace for stirrup 
is considered to be caused by yield of stirrup around 0.14t. Further, the surface strain is 
confirmed as near 2600μ in 0.14t (referred from Figure 5.36). As verified by the former 
research [5.15], ultimate strain near 2500μ was occurred in the surface of an actual structure 
when stirrup fractured. Thus, the yield of stirrup with surface strain as 2600μ from analysis can 
coincide with this fact. From Figure 5.40, the deformation of stirrup is estimated to be 
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connected with the circular-arc deformation in the surface. 
5.3.3 Comparison based on Proposal 3 
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Figure 5.41 Comparison of Deformations between Experiment and Analysis 
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Applying the proposal 3 for the model of expansive mortar introduced in last section, the 
analytical results of external deformations are summarized with comparison to experimental 
results. 
For investigating the reproductions of deformations, Figure 5.41 illustrates the comparisons of 
uniform and circular-arc deformation. It is clarified that the variation trend of deformation is 
roughly coinciding. For experiment and analysis, the maximum uniform elongation is 3.33mm 
and 3.49mm; while the maximum circular-arc deformation is 5.00mm and 4.80mm, 
respectively. Further, comparison of deformation shapes are performed for three states ((1), (2) 
and (3) of Figure 5.41). 
 
Figure 5.42 Comparison of Deformations Shapes 
 
Therefore, for checking the deformation shapes, Figure 5.42 presents the detailed comparison. 
1/4 of deformation shapes from experiment are obtained by averaging the corresponding values 
of general deformation. From Figure 5.42-(a)~(f), it is noted that for each state, deformation in 
center of profile is greater than that in corner. Combined with descriptions in Chapter 4, it is 
concluded that the circular-arc deformation is also verified by analysis. Besides, as a whole, the 
angular opening deformation in corner area of analysis seems to be smaller compared with 
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experiment. This is considered to be correlative with the cracking conditions of analysis. 
5.3.4 Comparison based on Proposal 4 
Based on the analytical results of proposal 4, which utilizes the most reliable experimental data, 
the comparisons to experimental results is described. 
 
Figure 5.43 Time Variation of Deformation Forms 
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Herein, the deformation behavior which is more influential on stirrup movement is mainly 
contrasted. Figure 5.43 illustrates the comparison of external deformations between analysis 
and experiment. Focusing on the final state as 24.0hr of expansion for Case 14 (Figure 5.43-
(c)), values in profile like A signifies the max. deformation of each profile; while values in 
corners like B mean the deformations in x and y direction of corner points. Thus, for the center 
area, it is noted that the max. deformation generates as 8.85mm in experiment similar to 
7.35mm in analysis. Further, for corner area, value of experiment is varied from 2.39mm to 
4.21mm, being slightly greater than 2.69mm of analysis. In general, it is known that similar 
circular-arc deformation form is reproduced by analysis. In addition, with respect to the 
conditions when in 8.0 and 10.0hr, the general deformation form of analysis seems to be greater 
than that of experiment. This is considered to be induced by the slight time lag, which will be 
explained in the subsequent contents. 
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Figure 5.44 Time Variation of Uniform Elongation 
Applying the definitions of classification for deformations, the comparison of uniform 
elongation as the deformation in corner point is illustrated in Figure 5.44. As a whole, for the 
experiment, the deformation value is observed to have acute increment in the initial state and 
thus smaller raise after around 11.0hr due to the converging of reaction. It is noted that roughly 
similar time variation trend is generated with the max. uniform elongation as 3.33mm and 
2.69mm for experiment and analysis, respectively.  
Besides, the comparison of circular-arc deformation is described in Figure 5.45. Close time 
variation trend is also obtained between analysis and experiment. Further, the max. circular-arc 
deformation is 4.66mm for analysis near to 5.00mm of the experiment. 
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Figure 5.45 Time Variation of Circular-arc Deformation 
In addition, regarding the difference of deformation values between analysis and experiment 
like in point (1) for 8.0hr and (2) as 10.0hr of expansion (Figure 5.44 and Figure 5.45), 
variation of deformation from experiment seems to have a small time lag contrasted to that of 
analysis which is based on the time history of inner temperature. This slight time lag can also 
be inferred between inner temperature and expansion from the test of expansive agent [5.12]. 
However, viewing the roughly identical time variation trend and the similar ultimate 
deformation values, the analysis is considered to have roughly reproduced the movement 
behavior of external concrete. 
It is observed that cracking are generally connected between the upper and the lateral sides. 
Thus, to compare with the results from analysis, cracking in upper section of experiment is 
adopted. 
As illustrated in Figure 5.46, due to the symmetry, 1/4 of analytical model is presented by using 
the contour figure of maximum principal strain in the final state. Correspondingly, the cracking 
in area A of Case 14 (Figure 5.46) is selected for comparison.  
For analysis, the strain greater than 177μ (cracking strain, refer to Figure 5.3) is plotted. It is 
learned that region with greater strain occurs from the external surface in the center area while 
from the inner side in the corner. The positions of cracking from experiment can roughly 
coincide with those regions in analysis. In addition, the maximum strain value in corner and 
center is found to be 0.21 and 0.12, respectively. By converting to cracking width (2.1mm and 
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1.2mm for corner and center, product of strain and equivalent length as 10mm), no obvious 
difference generates contrasting to cracking width of experiment (area A in Figure 5.46). 
 
Figure 5.46 Comparison of Cracking Form (Final State) 
5.4 Numerical Discussion on Generation Mechanism 
5.4.1 Evaluation based on Movement Behavior of Elements 
The generation mechanism of external deformation is learned in this section. To process the 
essential evaluation, the deformation behavior of the inner expansive mortar as the motive 
power of expansion is concentrated. Figure 5.47-(a) illustrates the deformation condition for 
1/4 cross-section of expansive mortar in the initial state (4.0hr of expansion for instance). 
Figure 5.47-(b) demonstrates that of the final state (24.0hr of expansion).  
Thus, as displayed in Figure 5.47-(a), it is found that general circular-arc deformation is 
produced for the expansive mortar. Moreover, due to the symmetry, 6 elements named as A to 
F are adopted for representative to study the detailed movement. The element displayed by 
dotted line and solid line is the situation before and after expansion, respectively. In addition, 
the value illustrated in the figure signifies the vertical deformation for node points in left side 
of element. Take element B in Figure 5.47-(a) as an instance, 0.40mm is the vertical 
deformation for point a and 0.42mm is for point b. 
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Figure 5.47 Deformation of Inner Expansive Mortar 
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Thus, as to element D in Figure 5.47-(a), deformation values in node points are confirmed as 
0.22mm and 0.20mm. From the difference of them, it is known that 0.02mm is increased for 
the element length. Similarly, the same increment of element length as 0.02mm is also verified 
for element E and F. Consequently, the uniform increment of element length due to expansion 
is validated and this is considered to be responsible for generation of uniform tension in frame 
concrete and thus the uniform elongation. 
Additionally, with respect to the element C in Figure 5.47-(a), the increment of element size is 
validated to be 0.05mm from the difference of its deformations as 0.54mm and 0.49mm. 
However, the change of element length is smaller as 0.02mm and -0.01mm for element B and 
A, respectively. Due to the flexural rigidity in the frame concrete, the expansion becomes much 
easier from element A near the corner toward to the element C in the center.  
Therefore, this difference of expansion level from corner to center due to the flexural resistance 
is supposed to be responsible for the production of bending action in the frame and further the 
circular-arc deformation. With regard to the Figure 5.47-(b) for the final state, the general 
circular-arc deformation of expansive mortar becomes more distinct. Furthermore, the uniform 
increment of length as around 0.31mm is confirmed for element D, E and F; while the difference 
of length variation is also learned for element A to C (-0.56mm for A, 0.14mm for B and 
0.61mm for C).  
Besides, regarding (1) & of (2) of Figure 5.47-(b), owing to the effective confinement of stirrup 
in corner area, expansion is relatively small (avg. increment of element size as 0.11mm, 2.5mm 
in total for 22 elements). Whereas, owing to the weak confinement of stirrup in central area, 
max. expansion is resulted (avg. increment of element size as 0.34mm, totaling 7.4mm for 22 
elements). 
Subsequently, to study the corresponding movement conditions of frame concrete together with 
that of the inner expansive mortar, the similar evaluation is carried out for frame concrete as 
illustrated in Figure 5.48. Corresponding to the element A, B, C in expansive mortar (Figure 
5.47), 6 elements are selected in the frame. As an instance, A1, A2 in Figure 5.48-(b) are 
located in bottom and top line of frame within the same row to element A of expansive mortar 
in Figure 5.47-(a). 
Hereby, concentrating on the initial state in Figure 5.48-(a), it is observed that circular-arc 
deformation is generated for the general frame likewise to the expansive mortar (Figure 5.47-
(a)). As to the element C1 in Figure 5.48-(a), deformation is identical as 0.53mm in the node 
points without difference. The same situation is also verified for other 5 elements. Thus, it is 
learned that there is no variation of element length for the frame part. Further, the max. 
deformation as 0.54mm of element C (Figure 5.47-(a)) is transferred to C1, C2 in frame as 
around 0.53mm (Figure 5.48-(a)) without great change. 
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Figure 5.48 Deformation of Inner Expansive Mortar 
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Hence, deformation of element in expansive mortar is transferred to the element in frame 
entirely. Besides, for the final state in Figure 5.48-(b), the general circular-arc deformation of 
frame becomes more obvious. In accordance with the initial state, the element length is hardly 
varied because of the similar deformation values in node points. Moreover, the deformation 
from element in expansive mortar is also noted to be directly delivered to those in frame. 
5.4.2 Evaluation based on Strain Distributions 
On the other hand, to check the actual effects acted on the frame concrete corresponding to the 
behavior of the inner expansion, the strain distribution are studied. Vectors of max. principal 
strain (like section A in Figure 5.49-(a)) in the central frame of the 1/4 cross-section is 
concentrated. Figure 5.49-(a) and (b) illustrates the initial and the final state, respectively. 
Therefore, for the initial state in Figure 5.49-(a), it is observed that great strains mainly generate 
around section A to C which infers occurrences of cracking.  
For evaluating numerically, the detailed strain distribution in x direction is studied. The strain 
herein is the value in the nodal point, which is the avg. of extrapolation strains from Gauss 
integral points nearby. Around the section A of Figure 5.49-(a), it is found that the general 
value is almost linearly changed from 0.0149 in the top line (εax) to -0.0012 in the bottom line 
(εbx, sum of great values nearby as shown in A-enlarge of Figure 5.49-(a)). Thus, as in A' of 
Figure 5.49-(a), it is noted that strains are divided by two parts as those from tensile effect 
(0.0069 as avg. of 0.0149 and -0.0012) and bending effect (0.0080 as 1/2 for the difference of 
them). For section B and C (refer to B' and C' in Figure 5.49-(a)), similar form is confirmed 
while the strain from bending in the upper section is negative due to the minus moment occurred 
from the greater restraint in corner part. 
Besides, as to the final state in Figure 5.49-(b), it is noted that strains in section A to C have 
obvious increment due to the inner expansion. Further, great strain fields are confirmed to newly 
occur at section D and E in the center area of frame. Compared to initial state in Figure 5.49-
(a), though with increment of strain values and strain area for the final situation, strains can also 
be classified by those from bending action and tensile action (refer to A' to E'). 
To further evaluate the generation mechanism, the inverse computations from strains are carried 
out shown in Figure 5.50. The final state with larger strain values are utilized as representative. 
As presented in Figure 5.50-(a), strains from tensile effect (N of Figure 5.49-(b)) in 5 sections 
are summed to be 0.247 (0.0537 for A, 0.0271 for D, 0.0541 for E, 0.0487 for B and 0.0630 for 
C). From the product of the summed strain and equivalent length (determined as 10mm based 
on element size), it is obtained that deformation from tensile effect is 2.47mm which is close to 
the uniform elongation as 2.69mm (Figure 5.44).  
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Figure 5.49 Strain Distributions in Frame Concrete 
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Additionally, both the positive bending effect (M in Figure 5.49-(b)) in section A, D, E and the 
negative bending effect in B, C are considered to promote the generation of flexural deformation. 
Thus, the avg. strain distribution is computed for those of section A, D, E (εavg.1) and for section 
B, C (εavg.2) as shown in Figure 5.50-(b). Based on the elevation angle (θ1, θ2) of the avg. strain 
distributions, the sum of them is got and multiplied by half of side length for expansive mortar 
as 228mm. Thus, the corresponding deformation is 4.23mm similar to the circular-arc 
deformation of 4.66mm. 
 
 
Figure 5.50 Inverse Computations from Strain 
As a conclusion, owing to effective confinement of stirrup in corner and weak confinement in 
center area, difference of expansion in different area produces, which further induces bending 
effect and thus circular-arc deformation. Moreover, it is considered that circular-arc 
deformation causes corner of stirrup to have angular opening. Therefore, this movement is also 
studied by the combination of experiment and analysis to make clear the rupture mechanism. 
5.5 Movement Behavior of Stirrup in Bent Part 
5.5.1 Angular Increment of Stirrup 
The movement behavior of corner concrete is studied firstly. Figure 5.51 presents the 
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comparison of angular increment by the stated method in Figure 4.25 for Case 14. With respect 
to the experiment, similar to the time variation of deformation increment (refer to Figure 5.44 
and Figure 5.45), the angle has an intense increase from around 4.0hr. After about 11.0hr, due 
to the convergence of expansion, the angular increment reaches the max. as 1.99°. Caused by 
the smaller restraint from frame concrete, this value is greater than that of Case 16 as 0.71° 
displayed in Figure 4.26. Simultaneously, for analysis, angle of corner concrete holds the 
similar variation trend to experiment and the max. increment value is got as 1.80° near to 1.99° 
of the experiment. 
 
Figure 5.51 Time Variation of Angular Change 
 
Correspondingly, the behavior of inner stirrup is also investigated. Based on the same definition 
of that adopted in the experiment (Figure 4.30). Three points poq with the spacing value of op, 
oq around 90mm are selected in the model of stirrup (Figure 5.52). Therefore, refer to the 
coordinates for three points, the detailed spacing values among them are obtained before and 
after expansion. Further, angle poq is confirmed to be changed from 99.3° before expansion to 
101.8° after expansion with the angular variation as 2.50°. 
Additionally, refer to Figure 5.53, which shows the time variation for angular change of Case 
14, it is learned that from 8.0hr to 24.0hr of expansion, the angular increment for bent section 
of stirrup changes from 1.53° to 2.50°. The similar variation trend to the movement of corner 
concrete is verified (refer to Figure 5.51). Besides, the avg. angular increment 1.85° of Case 
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16 is also plotted. The max. angular increment 2.50° of Case 14 is a little greater than 1.85° of 
Case 16 due to the small restriction from the thinner frame concrete. However, for both analysis 
and experiment, angular opening of corner stirrup is confirmed for the bent section of stirrup. 
 
Figure 5.52 Movement of Stirrup 
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Figure 5.53 Angular Variations of Stirrup 
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5.5.2 Stress Conditions of Stirrup 
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Figure 5.54 Stress Conditions of Stirrup 
Besides, for evaluating the influence from angular opening deformation of stirrup, the stress 
distribution of bended part is presented in Figure 5.54-(a). The value illustrated is the average 
of two neighboring Gaussian points. The stress in the middle of inner bended area is 415N/mm2 
being 3.6 times of that in outer as 116N/mm2. From the start point of bended part (point a) to 
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the central area (point c), the principal stress has an increment from 383N/mm2 to 415N/mm2. 
In addition, Figure 5.54-(b) presents the stress variation in the cross section of stirrup from 
outer to inner along with the central section. It is found that the stress increase almost linearly. 
In the area A of Figure 5.54-(b), the stress changed to be maximum being greater than the yield 
strength (393N/mm2). 
Therefore, it is inferred that great stress concentration can be confirmed for the inner bent part 
of stirrup. This is considered to be responsible for the progress of initial damage or even the 
fracture of stirrup (refer to Figure 4.32). 
 
Figure 5.55 Summary of movements 
 
As a summary for movements shown in Figure 5.55, owing to the effective confinement of 
stirrup in corner area, expansion is relatively small. Whereas, owing to the weak confinement 
of stirrup in central area, max. expansion was resulted. Thus, circular-arc deformation is 
validated. Additionally, time depended increase of angular opening for corner stirrup was also 
verified, which further induced the stress concentrations in stirrup [5.16], [5.17]. In addition, 
initiating crack is produced by bending process and thus the stress concentration is considered 
to cause progressing of the initial damage till to rupture. 
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5.6 Movement Behavior for Actual ASR-influential Structures 
For structures with ASR progressing notably, the rupture of rebar has been confirmed to easily 
occur in the bent part of stirrups. In this section, several structures suffering actual ASR 
influences were summarized briefly for learning the actual movement behavior. 
5.6.1 Actual Bridge Pier 
(1) Fracture and External Cracking Condition 
Firstly, general deteriorations including the fracture and the external cracking conditions for the 
pier were studied. After that, through cut of cross sections in beam part of the pier, the interior 
damage conditions due to ASR was analyzed. As a result, the general deformation forms of the 
cross section and the correlating effect on bent part of rebar were estimated. 
 
 
Figure 5.56 Summary of movements 
Figure 5.56 shows the objective pier from the bridge located in the Hokuriku Region of Japan. 
The ASR deterioration becomes obvious in this bridge after 17 years of services. During 5 years 
after the maintenance of surface coating, cracking appeared again on the surface coating 
materials, which indicates the great deteriorative degree. As shown in Figure 5.56, the objective 
pier is an oval shaped overhanging RC type structure with the length of beam part as around 
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14.0m and the width as 3.0m. The section A and B in the overhanging part of beam is the cutting 
position for investigating interior cracking. 
Herein, the fracture conditions are stated. Figure 5.57-(a) illustrates the reinforcements of the 
cross section. The bent part of stirrup is named like TU, KU for the following descriptions. 
Three damage types are defined based on the visual observations. As shown in Figure 5.57-(b) 
(viewed from the right side, refer to Figure 5.56), along with the beam axis, many rebar are 
confirmed to surfer damages. There are rebar damaged continuously as illustrated in (1) of 
Figure 5.57; while there are also rebar damaged individually as in (2) of Figure 5.57. As for 
the damage ratio (ratio of number for damaged rebar to the total number), 69%, 46%, 25% and 
20% is counted for the KU, TU, KL and TL side, respectively. The upper side of beam has 
greater damage ratio relatively. In general, the total damage ratio of this pier is around 46%, 
from which, great deterioration is confirmed to occur. 
 
Figure 5.57 Fracture of Stirrups in P6 
Figure 5.58 illustrates the cracking conditions in the right profile. The data was recorded on 
the surface coating material. The general cracking density in profile is 3.38m/m2 and the 
maximum cracking width is around 2.0mm. In the web part of the profile, it is observed that 
cracking are notable in horizontal direction. Though after the surface coating, cracking with 
width greater than 1.0mm generated. The notable cracking in horizontal direction is located in 
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around 1500mm below the upper surface; while the maximum thickness of covering layer is 
300mm. Thus, it is known that the bent part of stirrup has roughly 1000mm height difference 
with the horizontal cracking. It is difficult to conclude that the occurrence of great cracking is 
correlated with the damage of rebar. For studying the connections with cracking in profile, the 
interior cracking conditions are evaluated subsequently. 
 
Figure 5.58 Cracking in Profile 
(2) Interior Cracking Condition 
 
Figure 5.59 Inner Cracking in Section A 
As illustrated in the former Figure 5.56, two sections were cut in the overhanging part of the 
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beam. As representative, the interior cracking conditions of section A is evaluated in Figure 
5.59. The maximum cracking width is near 2.0mm, being similar to that in profile. However, 
the average cracking density in the section is 6.13m/m2 being greater than the 3.38 m/m2 in 
profile. Thus, it is found that the interior section has suffered notable deterioration. Cracking in 
inner of the section seem to have smaller width than those in outer. In peripheral central area of 
the section (a of Figure 5.59), cracking have the trend to stop at the position of stirrups. 
However, in the corner area (b of Figure 5.59), cracking are much like to spread across the 
stirrups. By general view, it is considered that cracking in different areas have different trends. 
Therefore, the cracking directions in the section are evaluated in the following. 
 
Figure 5.60 Detail of Cracking in Part b 
 
Figure 5.61 Cracking Density and Directions 
Figure 5.60 and Figure 5.61 present the vectors of cracking considering the cracking density 
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for the part b (Figure 5.59) and the general section. 10 divisions are conducted for the two 
directions with the mesh size as 282mm×190mm. Cracking with widths greater than 0.2mm in 
each mesh are divided into two types by their positions as in 1, 3 quadrants and 2, 4 quadrants. 
Thus, by compositions, the direction is obtained. 
As illustrated in Figure 5.60, the cracking in corner area has the rough trend to progress at 
around 45˚. Great density near 10m/m2 occurs in this area. Further, as shown in Figure 5.61, 
this trend can also be found in other corner areas. When cracking in corner progress deeper, 
directions become along with the stirrup as illustrated in (1) of Figure 5.61. Due to greater 
restrains, the cracking density is smaller in the inner of the section. As presented in (2) of Figure 
5.61 (corresponding to a of Figure 5.59), cracking in peripheral central area have trends to 
progress perpendicularly to profile. 
 
Figure 5.62 Image for Mechanism of Cracking 
For studying the differences of cracking directions, Figure 5.62 shows estimation of the 
mechanisms. Cracking in peripheral central area of the section have smaller length and progress 
vertically from the profile. This type of cracking is considered to be caused by bending effect 
together with the general circular-arc deformation of the section (Figure 5.62-(a)). Besides, for 
cracking in corner area, the development length is relatively greater and the direction is around 
45˚. This type of cracking is considered to be caused by the uniform tension due to ASR 
expansion and accompanies with the uniform movement (Figure 5.62-(b)). 
As also estimated in the previous contents, general circular-arc deformation of the section has 
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correlation with angular opening deformation of stirrup in corner (angular increment of bent 
part in stirrup). The angular opening deformation of stirrup is also considered to induce the 
progress of initial damage in stirrup. From the evaluation of internal cracking herein, the angular 
opening deformation of stirrup can be estimated further. 
5.6.2 Specimens Utilizing Reactive Aggregates 
(1) Small-sized Specimens 
 
Figure 5.63 Reinforcement Conditions of Small-sized Specimen 
To study the time-depended deteriorations of structures suffering actual ASR expansion, the 
small-sized specimens are also manufactured for long term exposure. Figure 5.63 illustrates 
the specimen conditions for series 1 to 3 [5.18], which are applied for evaluations of correlation 
between interior and exterior or that between stirrup damage and deterioration conditions. The 
sectional dimension is 340mm×340mm, which is 1/8 of the actual structure with stirrup ruptures. 
Besides, the general length is 670mm, with one D16 current rebar arranged in 100mm from 
each end and one D10 old type rebar in central section. Further, the stirrup ratio is set as 0.41% 
slightly greater than the current specimens. 
 
Table 5.2 Mix Proportions of the Small-sized Specimens 
 
In addition, the mix proportions are presented in Table 5.2. The ordinary portland cement is 
adopted with W/C as 46%. Reactive fine aggregates are from sands in Nagasaki and reactive 
coarse aggregates are made of gravels in Hokkaido. Further, the rock types of both reactive 
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aggregates are andesite. The ratio of reactive to non-reactive aggregates is 6:4 and 5:5 for fine 
aggregates and coarse aggregates, respectively. Besides, for promoting of reaction speed of 
ASR, the equivalent alkali content of 8kg/m3 is added by using NaCl or NaOH. 
 
Figure 5.64 Cracking Conditions of Small-sized Specimen 
 
Figure 5.65 Deformation Conditions of Small-sized Specimen 
The final cracking condition of one representative Case 6 is illustrated in Figure 5.64. The 
cracking density is around 5.98m/m2, which is in large level. Besides, it is found that the 
cracking with width greater than 0.20mm is prominent along with the direction of main rebar, 
which is coinciding to the condition of the current specimens and the basic feature of structure 
under reinforcement. 
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Additionally, the deformation condition of Case 6 after 1496 days of outdoor exposure is 
displayed in Figure 5.65. It is noticed that maximum deformation as 0.95mm, 0.85mm and 
0.61mm generates in the central point of each profile, which infers the occurrence of circular-
arc deformation with the current specimens. Further, as the relative displacement to the 
measuring points located from 20mm of the corner point is utilized, the uniform elongation of 
the specimen is not evaluated. 
(2) Prestressed Specimens 
 
 Figure 5.66 Reinforcement Conditions of PC Specimens 
To evaluate the long-term deterioration behavior of PC structures, the large scale PC specimens 
No. 1 to No. 4 are made and exposed for around 3 years. As illustrated in Figure 5.66, the 
specimens possess length, width and height as 4500mm, 350mm and 550mm, respectively. As 
4 PC steel wires are arranged in lower side of the specimens, eccentric structural type is adopted. 
10 D16 old type rebar have been applied from south end of the specimen No. 3 & 4. Further, 
the mix proportion is identical to that in the small-sized specimen (Table 5.2). 
The cracking conditions for the north half of upper section is illustrated in Figure 5.67. It is 
noted that the cracking primarily appear along with the axial direction of PC steel wires. Besides, 
to learn about the distributions of cracking, three equal areas similar to those in the current 
specimens are divided. Thus, after computing the cracking density, it is observed that the 
cracking density in the central area is 5.3m/m2, which is quite greater compared with the other 
areas. This is considered as the influence from the circular-arc deformation described later. 
Subsequently, the deformation conditions of the cross-sections in 1320 days of material age are 
illustrated in the Figure 5.68. 5 cross-sections with section A located in 250mm from north side 
and followed by sections B~E with spacing value as 1000mm are selected for evaluation. 
Further, for each cross-section, 4 measuring points with one from 25mm of corner and then 
100mm spacing for the others are utilized for getting general deformation conditions. 
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Figure 5.67 Cracking Conditions of PC Specimens 
 
Figure 5.68 Deformation Conditions of PC Specimens 
Therefore, as illustrated in Figure 5.68, greater displacement is noticed for central point of each 
cross-section. The circular-arc deformation is confirmed for the general specimen. In average, 
the circular-arc deformation is obtained as around 0.6mm. Additionally, due to the influence 
from eccentric arrangement of PC steel wire, the deformation for central sections of the 
specimen (like B, C and D) are relatively greater than those in the two ends. 
Additionally, the generation mechanism of circular-arc deformation in actual ASR-influential 
structures is considered as presented in Figure 5.69. 
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Figure 5.69 Deformation Conditions of PC Specimens 
 
As shown in Figure 5.69, induced by larger restraint from stirrup in corner part, expansion is 
more difficult than that in central area, which barely receive the restraint from stirrup. Thus, the 
circular-arc deformation generates due to the difference of expansion amount caused by the 
difference of restraint degrees from stirrup. Besides, for structures with greater stirrup ratio, 
since the difference from restraints of stirrup in center and corner will get to be larger, the 
circular-arc deformation possibly become more obvious. Therefore, the angular opening 
deformation of stirrup corresponding to the circular-arc deformation likely occur more heavily 
which further increases the possibility for propagation of stirrup damage or even rupture. 
5.7 Summary 
In this chapter, to further give the evaluations on reasonability of experimental results and the 
generation mechanisms of movement behavior, FEM analyses are performed. The basic 
considerations for analytical and material models of frame concrete and steel are introduced. 
Thus, different assumptions of material model for expansive mortar based on restrains from 
steel, results from steel tube experiment or compression tests are discussed. According to the 
analytical results, comparisons to deformation of frame concrete, stirrup and further cracking 
conditions from experiments are carried out. Further, the generation mechanism using 
movement of element or strain distributions are also conducted. Therefore, the following 
conclusions have been obtained: 
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(1) For the material model of expansive mortar, 4 different proposals have been considered, 
which are proposal 1 based on the relation of restricted and free expansion, proposal 2 as 
700N/mm2 for elastic modulus of expansive mortar considering the liquid behavior, 
proposal 3 from expansive stress by results of steel tube or proposal 4 using results from 
compression tests of expansive concrete. As a consequence, the proposal 4 is considered as 
the most reliable model and the corresponding analytical results are summarized as 
representative. 
(2) Between experiment and analysis, the movement form of external concrete are compared. 
It is found that for the ultimate state, maximum deformation as 8.9mm for experiment and 
7.4mm for analysis occur in center of cross-sections. The ASR-induced circular-arc 
deformation is generally reproduced. Besides, from results of experiment and analysis, it is 
clarified that both two kinds of deformations generate along with the inner expansion; the 
maximum uniform elongation is 3.3mm and 2.6mm while circular-arc deformation is 
5.0mm and 4.7mm for experiment and analysis, respectively. 
(3) Based on the analytical results, circular-arc deformation of 4.7mm and uniform elongation 
of 2.6mm is validated, respectively. Additionally, owing to the effective confinement of 
stirrup in corner area, expansion is relatively small (avg. increment of element size as 
0.11mm, 2.5mm in total for 22 elements). Whereas, owing to the weak confinement of 
stirrup in central area, max. expansion is resulted (avg. increment of element size as 0.34mm, 
totaling 7.4mm for 22 elements). Thus, circular-arc deformation is considered to be 
generated by the difference of restraint degrees in corner and center from stirrup. 
(4) Based on analytical results, to check the influence from circular-arc deformation, stirrup 
from analysis of Case 14 is also evaluated to have angular opening of corner stirrup with 
the max. angular change as 2.50°, being greater than 1.85° of Case 16 owing to the smaller 
restraint. Therefore, angular opening of corner stirrup is validated for both experiment and 
analysis. Besides, angular opening of corner concrete as 1.80° for analysis similar to the 
1.99° of experiment for Case 14 are also confirmed, which shows the correlation between 
movement behavior of external concrete and internal stirrup. This is inferred to be very 
influential on the stress concentration and further the progress of initial damage. 
(5) From the evaluations of actual ASR-influential bridge pier severing for over 40 years and 
the RC or PC specimens utilizing reactive aggregates, the deformation behavior have been 
discussed to confirm the reproducibility of the current specimens. From the perpendicular 
cracking in central area of the cross-section for the bridge pier, circular-arc deformation is 
estimated. Additionally, the circular-arc deformation around 1.0mm for the RC specimen 
and 0.6mm for the PC specimen is also confirmed. The generation of circular-arc 
deformation is also evaluated to be caused by the difference of restraints from stirrup in 
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corner and center. Therefore, the current specimens, using expansive mortar for ASR-inner 
expansion, have generally reproduce the movement behavior of actual ASR-influential 
structure. 
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Chapter 6 Conclusions 
In this study, concerning the stirrup rupture, initiating crack was observed to produce in corner 
stirrup caused by the bending process. Further, to study how the initiating crack propagated to 
rupture, the actual stirrup motion and the generation mechanism of it were tried to understand 
clearly through the following two topics: 
Topic 1: To find out the real stirrup motion with its influence on propagation of initiating crack, 
the study for performance of stirrup was carried out. 
Topic 2: To learn about the casual factors for deformation condition of stirrup, generation 
mechanism of circular-arc deformation was evaluated. 
 
In Chapter 3, results for 6 simulation specimens (Case 11 to Case 16) were evaluated. The 
considerations for modelling of specimens and the basic experimental conditions are explained. 
Subsequently, the detailed evaluations for the influences from parameters like stirrup ratio, 
expansion amount, size of frame concrete or rebar types on the external deteriorations are 
performed for overall 6 specimens. Further, the effects from stirrup rupture on the external and 
internal damage conditions are also investigated. As a consequence, following conclusions have 
been drawn: 
(1) It was noted that the greatest cracking density as 7.89m/m2, increasing ratio of deformation 
area (ratio of increasing deformation area to initial sectional area) as 3.7% occurred for 
Case 14 with stirrup ratio and size of frame concrete in smaller level. Whereas, the smallest 
cracking density as 3.39m/m2, increasing ratio of deformation area as 1.5% generated for 
Case 16 which possessed largest size of frame concrete. Further, it is confirmed that all 
cases have greater cracking density than that in the ASR-influential structure with stirrup 
ruptured. 
(2) From the comparisons of cracking and deformation conditions for 6 specimens, it is learned 
that thought the absolute values are different due to different specimen conditions, the 
overall longitudinal cracking in the profile and the general circular-arc deformation form 
in the cross-section similar to the actual ASR-influential structures are reproduced for the 
total 6 specimens. Therefore, using the expansive mortar as the inner expansion, the ASR-
induced damages in external concrete and stirrups have be reappeared. 
(3) It is obtained that along with the increase of rib height and decrease of variation rate, ratio 
of initial cracks have increment from 0.81% to 2.56%. Rather than the influence from 
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parameters, the progressing ratio of cracks in stirrup due to expansion has greater relation 
to the rebar types. Further, brittle rupture surfaces similar to ASR-influential structures 
mainly generated for rebar with rib in steep slope for Case 13, 14 & 16. 
(4) Compared to the condition before the stirrup rupture, cracks on concrete surface have the 
tendency to generate more in amount and wider in width, and go through the corner part in 
the condition after stirrup rupture. Simultaneously, dislocation has generated acutely due 
to rupture of stirrup. Further, it is confirmed that after the stirrup rupture, the increasing 
rate of depth for dislocation was larger than that of strain on the measuring line. It is 
speculated that the more obvious feature when having stirrup rupture is the occurrence of 
dislocation. 
(5) From the comparison of strain in the measuring line of section with fracture and the general 
average of other sections, relatively small difference with only 13% occur in the ultimate 
state. The initial crack in the stirrup is considered to cause the fracture and thus due to the 
concentrated deformation in the fracture surface, the section with rupture has greater 
possibility to not have cut of the bond between the stirrup and concrete than the section 
without rupture. 
In Chapter 4, corresponding to both the Topic 1 (to find out the real stirrup motion with its 
influence on propagation of initiating crack, the study for performance of stirrup was carried 
out) and Topic 2 (to learn about the casual factors for deformation condition of stirrup, 
generation mechanism of cracking & deformation was evaluated). Classifications for cracking 
and deformation to study the expansive effect and study of actual stirrup motion due to 
expansion as well as the influence on propagation of damage in stirrup are performed. As a 
consequence, following conclusions have been drawn: 
(1) Based on the experiment, for discussing the effects from ASR-inner expansion, cracking 
conditions are evaluated. It is clarified that cracking in external concrete are generally 
divided into 3 types as Type a for cracking generating from exterior due to the positive 
bending moment in center area; Type b for cracking producing from interior caused by the 
negative bending effect in corner area; further, Type c cracking spreading throughout the 
diagonal direction by the uniform tension in corner part. In addition, it is noticed that 
through increasing size of frame concrete, cracking strain & density have decreased over 
one half. However, amount for each cracking type keeps invariant between Case 14 & 16, 
which infer that the cracking form is not influenced by parameters 
(2) Corresponding to cracking, external deformation conditions are evaluated. Deformation is 
classified as circular-arc and uniform elongation deformation. Obtained by experimental 
results, both two kinds of deformations generate along with inner expansion. For Case 14 
(size of frame concrete as 112mm), the max. circular-arc and uniform elongation 
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deformations are 5.00 and 3.33mm; while for Case 16 (size of frame concrete being greater 
as 230mm), values are smaller as 3.25 and 1.25mm induced by greater restraint. by 
increasing size of frame concrete, ratio of circular-arc to uniform elongation is increased 
from 1.5 to 2.6. Greater external restraint causes greater proportion of circular-arc 
deformation. 
(3) From the study of deformations in corner concrete, the angles have increment with the 
average around 0.83º. Angular opening deformation is confirmed for the corner concrete 
together with the production of circular-arc deformation. The angular increment is validated 
to have greater value in two ends of specimens due to the smaller restraints from stirrups. 
Further, during the experiment, the movement of stirrup was recorded and investigated 
directly. Caused by the inner expansion, it is observed that the bent part of stirrup has the 
average angular increment of 1.85º. The angular increment verifies that the bent part of 
stirrups also has the angular opening deformation, which is considered to be very influential 
on the fracture of stirrup. 
(4) It is considered that the general specimen has circular-arc deformation, which further 
induces the angular opening deformation and the angular increment in the corner concrete. 
Thus, due to the influence from thickness of cover concrete, the stirrup has angular 
increment around 2 times of that in concrete. From the modifications of angular increment 
for corner concrete, it is considered that for condition without great dislocation, the 
movement level of stirrups roughly has correlation with concrete. 
(5) The angular opening of corner stirrup is confirmed as 1.9° to be avg. of 16 corners from 
Case 16. Besides, initiating cracks were confirmed as 2.56% to the diameter of stirrup in 
avg. before expansion. Subsequently, caused by the angular opening of corner stirrup, 
initiating cracks were progressed to 17.7% in avg. of Case 14 & 16. The angular opening 
of corner stirrup is considered to be very crucial for progress of initiating crack. 
In Chapter 5, to give numerical evaluation on both the Topic 1 (to find out the real stirrup motion 
with its influence on propagation of initiating crack, the study for performance of stirrup was 
carried out) and Topic 2 (to learn about the casual factors for deformation condition of stirrup, 
generation mechanism of cracking & deformation was evaluated), FEM analyses are performed. 
The basic considerations for analytical and material models of frame concrete and steel are 
introduced. Thus, different assumptions of material model for expansive mortar based on 
restrains from steel, results from steel tube experiment or compression tests are discussed. 
According to the analytical results, comparisons to deformation of frame concrete, stirrup and 
further cracking conditions from experiments are carried out. Further, the generation 
mechanism using movement of element or strain distributions are also conducted. Therefore, 
the following conclusions have been obtained: 
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(1) For the material model of expansive mortar, 4 different proposals have been considered, 
which are proposal 1 based on the relation of restricted and free expansion, proposal 2 as 
700N/mm2 for elastic modulus of expansive mortar considering the liquid behavior, 
proposal 3 from expansive stress by results of steel tube or proposal 4 using results from 
compression tests of expansive concrete. As a consequence, the proposal 4 is considered as 
the most reliable model and the corresponding analytical results are summarized as 
representative. 
(2) Between experiment and analysis, the movement form of external concrete are compared. 
It is found that for the ultimate state, maximum deformation as 8.9mm for experiment and 
7.4mm for analysis occur in center of cross-sections. The ASR-induced circular-arc 
deformation is generally reproduced. Besides, from results of experiment and analysis, it is 
clarified that both two kinds of deformations generate along with the inner expansion; the 
maximum uniform elongation is 3.3mm and 2.6mm while circular-arc deformation is 
5.0mm and 4.7mm for experiment and analysis, respectively. 
(3) Based on the analytical results, circular-arc deformation of 4.7mm and uniform elongation 
of 2.6mm is validated, respectively. Additionally, owing to the effective confinement of 
stirrup in corner area, expansion is relatively small (avg. increment of element size as 
0.11mm, 2.5mm in total for 22 elements). Whereas, owing to the weak confinement of 
stirrup in central area, max. expansion is resulted (avg. increment of element size as 0.34mm, 
totaling 7.4mm for 22 elements). Thus, circular-arc deformation is considered to be 
generated by the difference of restraint degrees in corner and center from stirrup. 
(4) Based on analytical results, to check the influence from circular-arc deformation, stirrup 
from analysis of Case 14 is also evaluated to have angular opening of corner stirrup with 
the max. angular change as 2.50°, being greater than 1.85° of Case 16 owing to the smaller 
restraint. Therefore, angular opening of corner stirrup is validated for both experiment and 
analysis. Besides, angular opening of corner concrete as 1.80° for analysis similar to the 
1.99° of experiment for Case 14 are also confirmed, which shows the correlation between 
movement behavior of external concrete and internal stirrup. This is inferred to be very 
influential on the stress concentration and further the progress of initial damage. 
(5) From the evaluations of actual ASR-influential bridge pier severing for over 40 years and 
the RC or PC specimens utilizing reactive aggregates, the deformation behavior have been 
discussed to confirm the reproducibility of the current specimens. From the perpendicular 
cracking in central area of the cross-section for the bridge pier, circular-arc deformation is 
estimated. Additionally, the circular-arc deformation around 1.0mm for the RC specimen 
and 0.6mm for the PC specimen is also confirmed. The generation of circular-arc 
deformation is also evaluated to be caused by the difference of restraints from stirrup in 
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corner and center. Therefore, the current specimens, using expansive mortar for ASR-inner 
expansion, have generally reproduce the movement behavior of actual ASR-influential 
structure. 
 
Accordingly, this study has simulated effects from ASR expansion on stirrup rupture. Regarding 
the Topic 1, from both experiment and analysis, angular opening of corner stirrup was validated 
and verified to be very crucial for progress of initiating cracks in stirrup. With respect to the 
Topic 2, circular-arc deformation was confirmed by both experiment and analysis and was 
estimated to generate based on the different confinement of the stirrup in different area.
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